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ABSTRACT
Within the marine ecosystem, phytoplankton such as diatoms experience
regions of nutrient limitation including macronutrients such as nitrogen, silica, and
phosphate. In regions with high concentration of these nutrients but low chlorophyll a
concentrations (HNLCs), phytoplankton are limited for micronutrients such as iron
(Fe) an element that serves as a co-factor in proteins involved in cellular redox
reactions. Of particular interest for diatoms is the Fe requirement of cellular processes
localized to the chloroplast. These Fe requirements are in multiple metabolic pathways
such as light reactions of photosynthesis that generate the necessary energy and
reducing power necessary for anabolic processes including carbon fixation and
assimilation of reduced nitrogen into amino acids.
To better understand the impacts of Fe-limitation on the diatom chloroplast,
Chapter 1 focuses on the generation of a sub-cellular chloroplast proteome from a
model diatom Thalassiosira pseudonana and its regulation under both Fe-limited and
Fe-replete conditions. This serves a two-fold purpose, first the identification of the full
complement of proteins synthesized within and localized to the diatom chloroplast,
and second to provide insight to changes in chloroplast metabolic regulation in
response to changes in Fe-status. Following the analysis of the diatom chloroplast
proteome, this dataset was used in conjunction with incubation experiments to assess
chloroplast-associated gene regulation in total diatom communities using
metatranscriptome data within two distinct HNLC regions, the Southern Ocean
(Chapter 2) and Subarctic Pacific (Chapter 3), and to aid in the interpretation of shifts

in diatom community composition assessed using 18s rDNA community analyses.
To accomplish this, a Meta-plastid approach was taken to assess transcripts
derived from both nuclear and chloroplast genomes, under ambient low-Fe and Feamended conditions. Metatranscriptome library construction was based on rRNA
pulldown, allowing for the sequencing of both organellar and nuclear derived
transcripts. Metatranscriptomes generated from these incubations were then queried
using the T. pseudonana chloroplast proteome through a sequence similarity approach,
resulting in the generation of the diatom community Meta-plastid.
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INTRODUCTION
Impacts of Fe-limitation on Diatom Communities
Diatoms are important primary producers in the world’s oceans, generating
approximately 40% of the organic carbon fixed annually (Nelson et al. 1995a). In
large regions of the surface ocean, diatom growth rates, and primary productivity are
constrained by the low bioavailability of iron (Fe) (Martin 1990a, Sunda and
Huntsman 1995a, Moore et al. 2013a). This Fe-induced limitation of diatom growth
results from the requirement for Fe in essential metabolic pathways, including
photosynthesis, chlorophyll synthesis, and nitrate assimilation (Block et al. 1997,
Taddei et al. 2016).
Research into the effects of Fe re-addition has shown that, following an influx
of Fe into previously Fe-limited waters, diatom populations bloom (Martin 1990a,
Boyd et al. 2005). This response suggests the presence of adaptations allowing for
their survival in low Fe environments, and rapid growth when Fe becomes abundant.
Due to their pivotal role within the world’s oceans as a major sink of atmospheric
CO2, and as the foundation of many marine food webs, an understanding of the
response of diatom species to low Fe conditions will provide insights into the
consequences of Fe-limitation on marine ecosystems. To investigate the impacts of
Fe-limitation, the regulatory response of various diatom species and natural
communities will be determined through the use of metatranscriptomes, and subcellular proteomics of the chloroplast organelle.
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Diatom proteome complement of nuclear and chloroplast encoded proteins
Prior physiological and transcriptome studies have shown that under Fe-limited
stress, diatom species alter characteristics of their chloroplasts, the photosynthetic
organelle (Allen et al. 2008, Nunn et al. 2013a).
The chloroplasts of diatoms are the result of a secondary endosymbiotic event
(Burki et al. 2016) and remain dependent on the import of nuclear encoded proteins
for proper function, in addition to the synthesis of a small number of proteins encoded
on the chloroplast genome. Diatom chloroplast envelope structure reflects these serial
endosymbiotic events. Diatom chloroplasts possess three or four envelope membranes
(Kroth 2002), of which the outermost membrane is contiguous with the endoplasmic
reticulum (ER) (Burki et al. 2016). To reach their chloroplast destination, proteins
encoded by the diatom nucleus require N-terminal sequences that direct transit across
the ER and chloroplast envelope membranes (Kroth 2002). These N-terminal
sequences are cleaved by a peptidase in the chloroplast stroma (Huesgen et al. 2013).
Comparisons of diatom nucleus-encoded proteins with chloroplast function
demonstrate that the N-terminal bi-partite peptide sequences for transport across
chloroplast membranes contain a highly conserved amino acid motif comprised of
“ASAFAP” residues upstream of a required phenylalanine residue at the +1 of the
cleavage site (Apt et al. 2002, Gruber et al. 2007). The characterization of the amino
acid composition of diatom N-terminal chloroplast targeting motif has facilitated
genome-wide computational predictions of nuclear encoded proteins that are likely to
be imported into diatom chloroplasts (Gschloessl et al. 2008, Gruber et al. 2015).
While computational localization predictions have been performed with diatom
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species using the ASAFAP localization motif, only putative chloroplast proteins with
strong homology to this motif are identified by this method. As our understanding of
the import pathway for proteins into the chloroplast is limited, thus there may be
nucleus-encoded proteins directed to the chloroplast that escape computational
identification. This is the case in the model plant species, Arabidopsis thaliana, where
some proteins localized to the chloroplast lack the canonical plant chloroplast
localization motif (Kleffmann et al. 2004). This discovery highlights the potential for
additional localization motifs involved in diatom chloroplast protein targeting and the
utility of combining organelle isolation and proteome sequencing to identify proteins
enriched in the diatom chloroplast.
Iron Limitation in the Southern Ocean and Subarctic Pacific
The Southern Ocean (SO) represents an important region of the marine
environment, acting as a major sink of atmospheric carbon via photosynthesis of
phytoplankton, including diatoms. Despite this high rate of carbon sequestration, the SO
is a region largely limited by low Fe levels (Martin et al. 1990a). Insight into
understanding how diatom chloroplasts respond at the gene level to influxes of Fe as
can occur during mixing events, replicated through long term Fe amendment (+ 4 nM
Fe) incubations, may provide insight into the constraints placed on their primary
productivity in this region. Similar to the Southern Ocean, the subarctic North Pacific,
has previously been characterized as an Fe limited regime and one that is potentially colimited for Fe and Si for diatom growth (Boyd et al. 2005).
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Thesis motivation and outline
Culturing and physiology experiments have shown that diatoms possess specific
regulatory responses under Fe-limited conditions, including a reduction of chloroplast
size and light harvesting capacity (Allen et al., 2008; Marchetti et al., 2012; Nunn et
al., 2013). The observed regulation of diatom physiology has strong implications for
the marine food web, as diatoms are important primary producers in the world’s
oceans. Through the use of metatranscriptome and subcellular proteome approaches,
the specific stress response diatoms undergo during Fe limitation will be identified.
An understanding of the cellular response to nutrient limitation in the marine
environment has become increasingly important, as oceanographic models of warming
ocean surface temperatures have predicted stronger vertical stratification and reduction
in winter mixed layer depths (Moore et al. 2013a). These modeled changes in ocean
water stratification and mixing are believed to lead to a reduction of nutrient influx to
surface waters, resulting in substantial decreases in surface nutrient concentrations.
These modeled predictions make our understanding of diatom responses to Fe limitation
a crucial piece in understanding what effects climate change will play on the structure,
and function of the marine food web. Through an increase in our understanding of
diatom cell biology through analysis of subcellular proteomes and metatranscriptomes,
our research will aid in the interpretation of oceanographic fieldwork and ecosystem
models focusing on diatom primary productivity.
Chapter 1 of this thesis examined the proteome content of the diatom chloroplast
and its regulation under changing Fe-status. Studies have shown that under Fe limited
stress, diatoms alter chloroplast-specific processes, including components of electron

4

transport. These physiological changes suggest regulation of protein content within the
diatom chloroplast. While in-silico predictions provide putative chloroplast-localized
proteins, knowledge of diatom chloroplast proteins remains limited in comparison to
model photosynthetic organisms. To characterize proteins enriched in diatom
chloroplasts we have used tandem mass spectrometry proteome sequencing to assess
the proteome of subcellular chloroplast-enriched fractions from Thalassiosira
pseudonana.
To improve our understanding of how the chloroplast proteome is remodeled in
response to Fe limitation, sequencing has been performed on T. pseudonana grown
under Fe replete and limited conditions. These analyses have shown that Fe limitation
regulates major metabolic pathways in the chloroplast, including the Calvin cycle, as
well as changes in light harvesting protein expression. Localization prediction of
proteins within this chloroplast-enriched proteome has also provided an in-depth
comparison of chloroplast-localized proteins and their computational predictions,
providing evidence for the potential of additional protein import pathways into the
diatom chloroplast.
Chapter 2 of this thesis works to expand our understanding of chloroplast
regulation of natural diatom communities in the low-Fe Southern Ocean, which
despite its low bioavailability of Fe is responsible for approximately 40% of global
ocean atmospheric carbon uptake due to a combination of chemical, physical, and
biological processes (Caldeira and Duffy 2000, Lachkar and Orr 2009). Due to the
Southern Ocean’s large portion of carbon uptake, and the ability of diatom species to
persist under chronically low Fe conditions, considerable research has been performed
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to understand their adaptions and responses to intermittent pulses of Fe (Moreno et al.
2017). Previous sub-cellular proteome research in Chapter 1 has shown that in
laboratory incubations the model diatom species Thalassiosira pseudonana exhibits
regulation of chloroplast encoded and targeted proteins under Fe-limitation. These
chloroplast specific responses include regulation of light harvesting complexes, carbon
fixation, and proteins involved in non-photochemical quenching.
While our lab-based incubation experiments have provided an initial understand of
diatom chloroplast physiology under variable Fe-conditions, assessment of diatom
chloroplast responses at the community level would provide further insight in how
these responses occur within HNLC regions. To provide this insight, shipboard Feamendment incubations were performed in the Southern Ocean in the austral spring of
2016, utilizing a Meta-plastid based approach. In this approach rRNA depleted
metatranscriptomes generated from incubation experiments were used in conjunction
with the T. pseudonana chloroplast reference proteome to assess responses of low-Fe
diatom acclimated communities respond to Fe amendment. In response to Feamendments, we observed shifts in diatom genera abundance as well as significant
differential regulation of both chloroplast targeted and encoded genes.
Chapter 3 of this thesis works to expand our understanding of chloroplast
regulation of natural diatom communities in the low-Fe Subarctic Pacific, in which we
observed chloroplast regulatory responses distinct to those observed within the
Southern Ocean, including photoacclimation patterns, and nitrogen utilization.
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Manuscript 1
Subcellular proteomics for determining iron limited remodeling of plastids in the
model diatom Thalassiosira pseudonana
By
Kristofer M. Gomes1, Brook Nunn3, P. Dreux Chappel4, Bethany D. Jenkins1, 2
Department of Cell and Molecular Biology, 2Graduate School of Oceanography,
University of Rhode Island, Kingston, RI, 02881, USA 3 Department of Genomic
Sciences, University of Washington, Seattle, Washington 98195, USA, 4Ocean, Earth
& Atmospheric Sciences, Old Dominion University, Norfolk, Virginia, 23529, USA
1

Prepared for submission to the Journal of Phycology
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Abstract
Diatoms are important primary producers in the world’s oceans, yet their
growth is constrained in large regions by low bioavailable iron (Fe). Low Fe-induced
limitation of primary production is due to requirements for Fe in components of
essential metabolic pathways including photosynthesis and other essential chloroplast
plastid functions. Studies have shown that under Fe limited stress, diatoms alter
plastid-specific processes, including components of electron transport. These
physiological changes suggest regulation of protein content within the diatom plastid.
While in-silico predictions provide putative plastid-localized proteins, knowledge of
diatom plastid proteins remains limited in comparison to model photosynthetic
organisms. To characterize proteins enriched in diatom plastids we have used tandem
mass spectrometry proteome sequencing to assess the proteome of subcellular plastidenriched fractions from Thalassiosira pseudonana. To improve our understanding of
how the plastid proteome is remodeled in response to Fe limitation, sequencing has
been performed on T. pseudonana grown under Fe replete and limited conditions.
These analyses have shown that Fe limitation regulates major metabolic pathways in
the plastid, including the Calvin cycle, as well as changes in light harvesting protein
expression. Localization prediction of proteins within this plastid-enriched proteome
has also provided an in-depth comparison of plastid-localized proteins and their
computational predictions, providing evidence for the potential of additional protein
import pathways into the diatom plastid.
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Introduction
Diatoms are important primary producers in the world’s oceans, generating
approximately 40% of the organic carbon fixed annually (Nelson et al. 1995), yet their
rates of growth and primary production are constrained in large regions of the surface
ocean by low iron (Fe) availability (Geider and La Roche 1994, Sunda and Huntsman
1995, Moore et al. 2013). Low Fe limitation of diatom growth and primary production
is a result of the biochemical requirement for Fe, an important co-factor in essential
metabolic pathways, including key plastid-localized pathways such as photosynthesis
and nitrogen metabolism (Geider and La Roche 1994, Milligan and Harrison 2000).
Following the introduction of Fe to Fe-limited waters, diatom populations bloom
(Martin et al. 1990, Sunda and Huntsman 1995), indicating adaptations allowing for
their survival in low Fe environments and for rapid growth when Fe becomes more
abundant. Prior studies have shown that under Fe-limited conditions, diatoms alter
plastid-specific characteristics including protein components of the electron transport
chain, chlorophyll content, and light-harvesting complexes, suggesting plastid-specific
protein regulation via their photosynthetic activity. As the foundation of many marine
food webs, an improved understanding of the diatom plastid response to low Fe
conditions will provide mechanistic insights into the consequences of Fe insufficiency
on marine ecosystems.
While plastids, including those from diatoms, maintain their own reduced
genomes and protein synthesis machinery, their function depends on the import of
proteins that derive from nuclear-encoded genes (Bhattacharya et al. 2007, Allen
2015). These nucleus-encoded genes for plastid function were transferred over
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evolutionary time to the diatom nuclear genome, from the former cyanobacterial
genome during a series of endosymbiotic events. Primary endosymbiosis occurred
from the engulfment of a free living cyanobacterial endosymbiont by a eukaryotic cell,
resulting in a photosynthetic cell that gave rise to all eukaryotic photosynthetic
lineages (Archibald 2015). Following this primary endosymbiotic event, a secondary
endosymbiosis occurring during which a primary photosynthetic cell of the red algal
lineage was engulfed by a second non-photosynthetic eukaryote (Stiller et al. 2014)
giving rise to the evolutionary lineage from which diatoms are derived (Fig. 1).
Diatom plastid envelope structure, composed of three or four envelope membranes
(Kroth 2002), reflects these serial endosymbiotic events. The outermost membrane is
contiguous with the endoplasmic reticulum (ER), with the two most inner membranes
homologous to the inner and outer membranes of primary plastids found in plants
(Burki et al. 2016).
To reach their plastid destination, proteins encoded by the diatom nucleus require
N-terminal sequences that direct transit across the ER and plastid envelope membranes
(Kroth 2002), which are then cleaved by a peptidase in the plastid stroma (Huesgen et
al. 2013). Consensus sequence analysis of diatom nucleus-encoded proteins with
plastid function has identified a N-terminal bi-partite peptide sequence involved in the
transport of proteins across plastid membranes. This N-terminal sequence contains a
highly conserved amino acid motif comprised of “ASAFAP” residues upstream of a
required phenylalanine residue at the +1 of the cleavage site (Fig. 2) (Apt et al. 2002,
Gruber et al. 2007). The characterization of the amino acid composition of the diatom
N-terminal plastid targeting motif has facilitated genome-wide computational
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predictions of nuclear encoded proteins that are likely to be imported into diatom
plastids (Gschloessl et al. 2008, Gruber et al. 2015).
Biochemical confirmation of proteins functioning in diatom plastids is the next
step for understanding the physiology of these organelles essential for diatom function
and primary production. In the plant model species Arabidopsis thaliana, plastid
isolation, in combination with proteome sequencing, has identified a number of
proteins not computationally predicted to be targeted to the primary plastid (Friso et
al. 2004, Kleffmann et al. 2004, Wang et al. 2016). This gap between computational
prediction and plastid protein composition in a well-characterized plant model system
suggests that organellar protein import and trafficking are more complex than was
previously anticipated (Kleffmann et al. 2004). Proteomic sequencing of plastid
content in diatoms, with a more complex plastid membrane architecture than plants,
will be important for elucidating diatom plastid function and structure.
To investigate the protein content localized to the plastid of diatoms, we
purified intact diatom plastids in the model centric diatom species Thalassiosira
pseudonana and subjected them to proteomics sequencing. In addition to aiding in the
elucidation of the diatom plastid-localized proteome, this study compared plastid
proteomes isolated from T. pseudonana grown in both Fe-replete and Fe-limiting
conditions to identify how the plastid proteome remodels under Fe-limitation. While
previous analyses have shown that T. pseudonana has a limited response to Fe-limited
conditions, in comparison to related oceanic species (i.e. Thalassiosira oceanica)
(Whitney et al. 2011, Morrissey et al. 2015), it was chosen for this study as it has a
well characterized Fe-limited transcriptome and proteome (Mock et al. 2008, Nunn et
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al. 2013) and fully sequenced genome (Armbrust et al. 2004). We report the
identification of 929 proteins within the plastid-enriched proteome of T. pseudonana
across both Fe-limited and Fe-replete conditions. Between these datasets we have
observed statistically significant regulation of 135 proteins in response to changes in
Fe levels. In addition, by combining our dataset with computational localization
prediction, we have determined an inventory of proteins predicted within distinct
regions of the plastid, and those proteins associated with the organelle under replete
and Fe-limited conditions.
An understanding of the cellular response to nutrient limitation in the marine
environment has become increasingly important, with oceanographic models of
warming ocean surface temperatures predicting stronger vertical stratification and a
reduction in winter mixed layer depths (Moore et al. 2013). These predicted changes
in ocean water stratification and mixing are believed to lead to a reduction of nutrient
influx to surface waters, resulting in substantial decreases in surface nutrient
concentrations (Jang et al. 2018). Thus, an understanding of diatom responses to Fe
limitation is a crucial factor in understanding future impacts of climate change on the
structure and output of these important primary producers. Through an increased
understanding of diatom cell biology using subcellular proteomics, our results will aid
in the interpretation of oceanographic fieldwork and ecosystem models focusing on
diatom primary productivity.
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Materials and Methods
T. pseudonana Culturing
T. pseudonana cultures (CCMP 1335) were grown under Fe-replete and Felimited f/2 media (Guillard and Ryther 1962) utilizing trace metal clean procedures.
Cultures were maintained in f/2 media made using filter sterilized Sargasso seawater
amended with trace metal clean nutrient stocks. Fe-limited media received no Fe
amendments, remaining at an ambient concentration of 4 nM Fe, while Fe-replete
media received an amendment of 400 nM Fe. All cultures were maintained at 13°C, at
a continuous light intensity of 150 μmol quanta m-2 s-1. Growth of cultures was
assessed using duplicate cell counts. Cultures were grown under each respective Fe
condition until growth rates were normalized across successive subcultures. Prior to
plastid isolation, culturing of T. pseudonana was performed for four days under both
Fe-replete and Fe-limited conditions (Fig. 3). Growth rates of both cultures were
assessed (Table 1) with Fe-replete cultures exhibiting a nearly double growth relative
to the Fe-limited condition. On day of plastid isolation and protein purification, Fereplete reached a cell density of ~1.54E+06 cells mL-1, compared to ~1.1054E+06
cells mL-1 under Fe-limited conditions.
Plastid Organelle Enrichment
Following culture acclimation to each respective Fe condition, through
determination of changes in growth rate, equal volumes of cultures were divided
during exponential phase of growth and triplicate plastid isolate was performed for
each condition. In order to prepare a plastid-enriched fraction from cultures, cells were
collected by centrifugation and resuspended in a minimal amount of f/2 media. To
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collect intact organelles, the silica frustule of diatom cells was dissolved using
ammonia fluoride (10 M). Cells were then sonicated briefly (10 seconds, 10 Watts) to
disrupt the plasma membrane while maintaining organelle integrity. Intact plastidenriched fractions were then collected through the use of a 40/80 percoll density
gradient (Chappell and Jenkins 2017). Enrichment of the plastid fraction was assessed
through SDS-PAGE. Plastids and whole cells were extracted by ice cold
homogenization (Barkan 1993). 5 μg of each sample was mixed with Invitrogen™
LDS buffer and β-me, denatured at 70°C and run on a 4-12% Bis-Tris mini gel with
MOPS buffer. Gels were stained with Invitrogen™ SimplyBlue™ SafeStain and
imaged on a Syngene Genius gel documentation system.
Proteome Sequencing
Tryptic digestions of proteins within the plastid-enriched samples were
performed and prepared for mass spectrometry. Samples were separated and
introduced into the mass spectrometer by reverse phase chromatography, with tandem
mass spectrometry being performed on an LTQ-Orbitrap hybrid mass spectrometer
(Nunn et al. 2013). Mapping of peptides identified from proteomic analyses were
performed using SEQUEST (Thermo Fisher Scientific, Waltham, Massachusetts,
USA) to correlate peptide mass spectra data with open reading frames from the T.
pseudonana genome. Protein abundances were assessed using spectral count data with
normalization between mass spec analyses performed using Abacus (Fermin et al.
2011), with differences in protein abundance and regulation statistically performed
using QSPEC (Choi et al. 2008). Proteins were considered to be present within an Fe
condition if there were ≥ 2 spectral counts across all replicates for that condition. The
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threshold for statistically significant regulation of proteins between conditions was
defined as a reported BayesFactor > 10, the corresponding FDR < 1%, and an absolute
value of fold difference > 0.5.
KEGG Mapping and GO Term Enrichment Analysis
KEGG mapping was performed using BLASTKoala (Kanehisa et al. 2016) for
all proteins of the T. pseudonana plastid-enriched proteome and the UniProt A.
thaliana reference plastid proteome (1163 proteins). Further functional annotation was
performed using Eggnog (eggNOG v5.0, eggnog-mapper v2) (Huerta-Cepas et al.
2017, 2018). Enrichment of metabolic function within the plastid proteome was
performed using PANTHER’s (Mi et al. 2013) statistical overrepresentation test, run
using default parameters with Bonferroni correction. In addition to analyzing the
whole plastid dataset, GO term enrichment was performed on the T. pseudonana
proteins within the network bins created during sequence homology network analysis.
Computational Prediction of Plastid Proteome Localization
Localization prediction for all nuclear encoded proteins within the dataset was
performed using trimmed N-terminal sequences (75 amino acids long). These Nterminal peptides were run subsequently through the bipartite signal detection
software ASAFind (Gruber et al. 2015), utilizing SignalP 3.0 (Bendtsen et al. 2004)
and HECTAR (Gschloessl et al. 2008) under default parameters. T. pseudonana
proteins not predicted to be localized to the plastid were further analyzed through
sequence homology networks (Kleffmann et al. 2004). Networks were run using EGN
(Halary et al. 2013) with an e-value cutoff of 1e-05 and a minimum threshold of 20%
similarity over 50% of the shortest peptide, utilizing the following proteome datasets:
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the plastid proteome of the model plant organism A. thaliana, cyanobacterial
proteomes from 67 distinct strains, and the whole cell proteome of the oomycete
species Phytophthora sojae (Tyler et al. 2006).
Resulting networks were filtered for those containing T. pseudonana proteins
and were sorted by species composition present within the connected components.
These networks were sorted into two bins (“Photosynthetic” and “Non-photosynthetic
eukaryote”) and visualized using Cytoscape (Morris et al. 2012). For proteins with no
predicted localization, the detection of potential ungapped sequence motifs for plastid
targeting was performed using MEME (Bailey and Elkan 1994). Motif analysis for
these proteins was performed for both full protein sequence and 75 amino acid Nterminals. Further analysis of 75 amino acid was also performed using a sequence
similarity network analysis under non-stringent parameters (20% sequence identity
across 50% of the shorter peptide). Sequences from resulting network clusters were
then submitted for motif analysis using MEME.
In addition, a control group of “ASAFAP” sequences was used to validate
sensitivity during network and motif analysis. MEME motif analysis was run under
normal mode using a site distribution of zero or one occurrences per sequence and an
expected number of motifs of one. Following MEME analysis resulting motifs were
imported into FIMO (Grant et al. 2011), run under default parameters, to be searched
against A. thaliana upstream sequences for functional identification.
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Results and Discussion
Defining a core T. pseudonana Plastid Proteome
This study utilized a combination of plastid isolation and sequencing of the
plastid enriched proteome to identify the protein composition of the T. pseudonana
plastid. In addition, by comparing plastid proteomes of T. pseudonana cultivated in
Fe-limited conditions, we have investigated how the plastid remodels its proteome in
response to altered Fe concentrations. Enrichment of T. pseudonana plastids was
verified through SDS-Page (Fig. 4) prior to proteome sequencing. The large subunit of
RuBisCO (rbcL) (~56 kDA) was highly enriched within isolated plastid fractions in
comparison to whole cell fractions.
Across both Fe-replete and Fe-limited conditions a total of 929 proteins were
identified in the T. pseudonana plastid proteome (assigned ≥ 2 spectral counts across
all replicates within at least one condition). These proteins include proteins identified
in both or either the Fe-limited and the Fe-replete plastid proteomes (Supp. File 1,
Supp. File 2) and 73 of the 127 proteins (57%) encoded on the T. pseudonana plastid
genome (Armbrust et al. 2004). Metabolic function of the plastid proteome using Gene
Ontology enrichment (Panther,(Mi et al. 2013)), confirmed isolation and enrichment
of plastid proteins in our study as terms associated with plastid photosynthetic
function, as well as organellar transcription and translation were highly enriched
(Supp. File 3).
Of the total 929 proteins enriched in our plastid proteome, 596 proteins (64%)
were statistically represented across replicate samples of diatoms grown in Fe-replete
and limited conditions and likely represent a core plastid proteome (Fig. 5). As these

17

proteins were present across replicate plastid purifications, they are highly likely to be
plastid localized or proteins tightly associated with the plastid, including those
associated with protein import into the plastid (Table 2). The core proteome contains
both plastid and nucleus encoded proteins involved in the transcription and translation
of plastid-encoded genes, components of plastid ATP synthase, and proteins that serve
as components of the plastid light harvesting complexes, highlighting that the core
proteome encompasses plastid function. Of the 127 proteins encoded on the T.
pseudonana plastid genome (Armbrust et al. 2004), 55 are in the core proteome. Also
comprising the core proteome are 135 proteins lacking functional characterization.
We also observed proteins whose presence were limited solely to either of the
two Fe conditions tested, with 121 proteins unique to the Fe-replete and 212 unique to
Fe-limited conditions (Fig. 5). These differentially expressed proteins also include
plastid encoded proteins where 15 are uniquely detected in Fe-limited conditions, and
3 unique to Fe-replete conditions (Supp. File 4). These differentially expressed
proteins reflect variation of the plastid proteome function in response to changing Fe
levels.
While prior T. pseudonana plastid proteome analyses (Schober et al. 2019)
identified 217 proteins, particularly those enriched in membrane associated and
embedded proteins, our results expand the number of detected plastid localized
proteins as well as provide an understanding of plastid protein regulation under
changes in Fe status. Of the 217 proteins identified in the previous study we detected
143 (~65%) within our stringently defined plastid proteome. Of the remaining 74
proteins not found within our dataset, 27 (~33%) were predicted to be plastid localized
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by ASAFind, 2 were encoded on the plastid genome, and the remaining 45 (~60%)
were not predicted to be plastid localized by ASAFind (Supp. File 2). Of these 74
proteins 34 remain functionally uncharacterized, with the remaining proteins
exhibiting membrane- associated function including translocases, or functions
involved in vesicle formation and trafficking. Our results are consistent with the
Schober et al (2019) results in which they were also unable to detect enrichment of the
stromal marker protein rbcL using Western blots, indicating a smaller proportion of
stromal proteins being maintained during the plastid isolation (Schober et al. 2019).
Comparison of proteomes between plastids arising from primary and secondary
endosymbiosis
To understand potential differences between the diatom plastid and that of a
higher planet (Fig 1), we compared our T. pseudonana plastid proteome to that of the
plant model species Arabidopsis thaliana. The number of plastid-encoded genes in T.
pseudonana (127) is greater compared to those in the A. thaliana plastid genome (80)
(Table 3). There are also differences in the complement of nuclear encoded, plastid
targeted proteins between species (Supp. Table 1). Between the A. thaliana and T.
pseudonana plastid proteomes, 139 KEGG functions were shared and represent
common plastid function. These shared KEGG homologies include organelle protein
synthesis, photosynthetic function, and carbon fixation. In addition to shared
functions, 463 and 308 KEGG terms were unique to A. thaliana and T. pseudonana,
respectively.
One such difference is the presence of KEGG terms in the T. pseudonana
plastid proteome associated with ER transport and eukaryotic translation, explained by
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the evolutionary history of diatoms and the presence of the ER as the outermost
membrane of the diatom plastid (Burki et al. 2016). For example, the T. pseudonana
proteome contains proteins associated with transport into the complex diatom plastid,
such as proteins in the Sec61 complex (K10956, K07342) (Fig. 2), that are required
for the import of nuclear-encoded plastid proteins across the outermost membrane of
the ER (Gruber et al. 2007, Hempel et al. 2009). Additionally, a total of 417 T.
pseudonana proteins could not be assigned KEGG terms, highlighting the number of
putative plastid proteins with unknown function and potential for differences in plastid
function in photosynthetic organisms in lineages with different life histories (Fig. 2).
Proteome Comparison to Computationally Predicted Localizations
Prior research investigating the localization of nuclear-encoded proteins to the
diatom plastid identified a highly conserved bi-partite signal peptide enriched in the
amino acids ASAFAP that is responsible for protein targeting to the ER and
subsequently to the plastid (Apt et al. 2002, Kroth 2002). Site-directed mutagenesis of
the ASAFAP signal motif shows that protein import into the plastid is dependent on
the highly conserved phenylalanine residue at the +1 position of the cleavage site
(Gruber et al. 2007). This motif was used to develop bioinformatics software,
ASAFind (Gruber et al. 2015), to identify putative plastid-localized proteins in
diatoms. ASAFind predicted a total of 1568 nucleus encoded proteins from the T.
pseudonana genome to be plastid localized (Gruber et al. 2015).
To compare computationally predicted localization with the protein content of
the T. pseudonana plastid proteome we analyzed the nucleus-encoded fraction of the
T. pseudonana total plastid proteome using ASAFind and HECTAR, another
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algorithm designed to predict plastid import of non-plastid encoded proteins in algae
with secondary plastids of the red lineage (Gschloessl et al. 2008). Proteins were
designated as computationally confirmed for plastid import if they were localized to
the plastid by either of these programs (Supp. File 2). The combined ASAFind and
HECTAR pipeline predicted plastid localization for 175 of the 856 nuclear encoded
proteins in the plastid proteomes, with 538 proteins not computationally predicted to
be plastid localized.
The ASAFind and HECTAR analysis of the nucleus-encoded portion of the
total T. pseudonana plastid proteome (Fig. 6) also predicted localization to other
cellular compartments including the ER (116) and the mitochondria (27). To ascertain
whether proteins predicted to be ER localized by ASAFind and HECTAR might be
part of the outer plastid membrane, these proteins were analyzed for transmembrane
helix predictions using the trans-membrane helix prediction software TMHMM
(Krogh et al. 2001). 55 putative ER membrane-associated proteins with
transmembrane domains were predicted and then analyzed using the software suite
Mempype (Pierleoni et al. 2011) to bioinformatically sort them into one of three
cellular localization bins: cell membrane (17), internal membrane (25), and organellar
membrane (13) (Supp. File 5).
In comparison to our 175 plastid predicted nuclear encoded proteins, ASAFind
prediction of the entirety of the T. pseudonana nuclear encoded proteome predicts a
total of 1568 proteins to have potential plastid localization. Thus, there is a large
proportion of T. pseudonana proteins predicted to be plastid localized by ASAFind
(1393), that are not enriched in our core plastid proteome. This could be due to false
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positive predictions of localization by computational methods or that we failed to
detect some plastid-resident proteins that are not highly expressed under the growth
conditions reported here. We also identified a number of proteins in the sequenced
proteome that are not computationally predicted for plastid localization by either
ASAFind or HECTAR and only a small fraction of putative ER proteins are
bioinformatically predicted to be localized to organelle envelopes. Thus, there may be
additional localization signals used in diatoms to direct proteins to the plastid. We
wanted to use alternative approaches to interpret the content of our plastid proteome
and to decipher whether there may be novel signaling sequences in the proteins
identified in our plastid proteome that were not bioinformatically predicted using
current algorithms.
Prediction of Protein Localization, Origin and Function Using Sequence
Similarity Network Analyses
We acknowledge that proteomes derived from plastid isolation are highly
enriched for plastid proteins, but that abundant proteins from other cellular
components could co-purify with the plastids. To help distinguish plastid proteins
from co-purifying proteins that may function in other parts of the cell, we used a
sequence similarity network approach. We compared the group of T. pseudonana
plastid proteins with no predicted localization to three other proteomes. To identify
proteins of a non-photosynthetic/non-plastid origin, homology comparisons were
made to the whole cell proteome of a non-photosynthetic sister taxon to diatoms,
Phytophthora sojae (Tyler et al. 2006) in the phylum Oomycota. To identify plastid
proteins that potentially arose from the initial primary endosymbiont that gave rise to
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all plastids, the network analysis incorporated the plastid proteome from the model
plant species A. thaliana (Kleffmann et al. 2004) along with the combined
cyanobacterial proteomes from 107 distinct strains (Supp. Files 6,7)
Homology network results were used to bin T. pseudonana proteins with no
predicted localization into three categories, a non-photosynthetic eukaryote” bin with
only shared homology with P. sojae (191 proteins), a “photosynthetic” bin with shared
homology between Arabidopsis and cyanobacteria (23 proteins), and a "no
localization prediction" bin containing the remainder (324 proteins) (Fig. 7) (Supp.
File 2). We consider proteins within the “non-photosynthetic eukaryote” bin to have
no confirmed plastid function (Fig. 4). This protein set has high enrichment for GO
terms associated with eukaryotic transcription, translation, and terms associated with
vesicle formation and transport. The enrichment of these terms suggests many of these
proteins are associated with the rough ER, the outer most membrane of the complex
diatom plastid. Other proteins in this category may be proteins directed to the ER and
processed through the eukaryotic secretory pathway. Signal peptide analysis predicts
the localization of 116 proteins to the ER (~60%) within this bin, where they may be
retained, packaged for transport to other cellular compartments, or processed for
excretion. Other associated grouping in the “non-photosynthetic eukaryote” bin are
proteins associated with nuclear and mitochondrial cell fractions, including histones
and other eukaryotic DNA binding proteins, as well as mitochondrial electron
transport proteins. These often highly abundant proteins (Huber et al. 2003) are
common contaminants in sub-cellular proteomes and potentially co-purified in our
plastid isolation method.
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The group of plastid-enriched proteins with "no localization prediction” may
include diatom plastid proteins with divergent functions compared to other
phototrophs. This category includes proteins with canonical plastid function such as
light harvesting (B8LE61), thylakoid formation (B8BTT8) and carbonic anhydrases
(B8CG97, B8C215) involved in carbon concentrating mechanisms. This category of
"no localization prediction" also includes proteins that may function exclusively in
plastids evolved via secondary endosymbiosis such as Sec61 (B8C4D0) for transport
across the outer plastid member and others with homology to proteins involved in ER
and Golgi function. Within the "no localization prediction" bin, 46 of the proteins have
no predicted function, highlighting the potential for currently undescribed plastid
function.
Assessment of Additional Localization Motifs
The high abundance of plastid proteins lacking the canonical ASAFAP motif,
suggests the presence of additional plastid targeting mechanisms for nuclear encoded
genes, as has been suggested in other sub-cellular proteome studies in land plants
(Kleffmann et al. 2004). To investigate whether there may be plastid targeting motifs
distinct from the ASAFAP motif, the motif discovery program MEME (Bailey et al.
2009) was employed along with protein similarity network analyses to analyze N
terminal peptide homology (Halary et al. 2013). For the 342 proteins in the "no
localization prediction" bin, MEME analysis of whole protein sequences exhibited no
well-conserved motifs. To increase potential sensitivity, N-terminal sequences from
these proteins were trimmed to 75 amino acids and then analyzed using MEME under
the same parameters. No new motifs were identified. Sequence similarity network
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analysis was also conducted using the 75 amino acid N-terminal sequences of proteins
with “no localization prediction”; only one network of four proteins was formed
containing a single motif corresponding to a functional domain of heat
shock/chaperone proteins within A. thaliana. Therefore, no new N-terminal signaling
motifs were revealed within the dataset of proteins lacking predicted origin. As a
positive control in both analyses, we analyzed the 75 amino acid N terminal region
from proteins that were positive for the ASAFAP diatom plastid targeting motif.
Using MEME, the ASAFAP plastid targeting motif was detected, and this motif
clustered in protein similarity networks showing this method can detect loosely
conserved functional and signaling motifs from short peptide sequences. The inability
to detect novel conserved N-terminal motifs in these proteins using MEME may be
due to the fact that some diatom plastid targeting motifs may be degenerate gapped
motifs, dependent on charge based secondary structures, such as is observed in
mitochondrial protein import (von Heijne 1986, Claros and Vincens 1996).
Function of Plastid proteomes and their regulation in response to iron
availability
The T. pseudonana plastid proteins comprising those in the bioinformatically
filtered photosynthetic bin and the bin of proteins with "no localization prediction"
(Fig. 7) were used to curate a stringently defined set of nucleus-encoded plastid
proteins (Fig. 4). These proteins represent a potential expansion of known plastid
targeted proteins and future functional analyses of these targets may provide insight
into additional protein import mechanisms in the complex secondary plastid. The large
number of proteins lacking functional homology (228) within this dataset, represents
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potentially new functions that have yet to be described in diatom plastid biogenesis
and metabolism.
Fe Regulation of the Plastid Proteome
Under Fe-limitation, we observed statistically significant regulation of 135
proteins (~22% of the plastid proteome) within our stringently defined plastid
proteome. Of those 135 proteins, 77 were up-regulated and 58 down-regulated under
Fe limitation in relation to Fe-replete conditions. Proteins present within this Fe
regulated fraction represent multiple plastid functions, including carbon fixation, and
light stress responses, exhibiting plastid response to changes in environmental Fe
levels.
Components of the Calvin Cycle are Downregulated in Response to Iron Stress
Carbon fixation through the Calvin cycle represents one of the main metabolic
functions of the photosynthetic plastid. As Fe is an important co-factor in the
photosynthetic electron transport chain (Raven 1990, Raven et al. 1999, Van Oijen et
al. 2004), which produces the ATP and NADPH required for carbon fixation,
understanding the impacts of Fe limitation on carbon fixation is crucial to
understanding its environmental impacts. The proteins phosphoglycerate-kinase
(B5YN92), triose-phosphate isomerase (B8C8U5), fructose-bisphosphate aldolase
(B8BXS1), and transketolase (B8BTR4) are found within the reductive and
regenerative phases of the Calvin Cycle. The observed down regulation under Felimitation in our study suggests a slower rate of carbon fixation within the plastid, in
conjunction with decreased photosynthetic efficiency under Fe-limited conditions
(Table 4).
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In contrast to prior whole cell proteome studies of T. pseudonana under Felimitation (Nunn et al. 2013), where transketolase, fructose-bisphosphate aldolase, and
phosphoglycerate kinase were slightly upregulated, these enzymes are down regulated
under Fe-limitation in the plastid proteome. These contrasting results are potentially
due to differing roles of protein isoforms in compartment specific metabolic pathways,
including the breakdown of carbohydrates via glycolysis in the cytoplasm. Through
the use of sub-cellular proteomics, we have been able to distinguish the regulation of
the plastid-localized copies of these proteins from those that function in the Calvin
Cycle. Another point of contrast with whole cell T. pseudonana proteomes is that we
do not see differences in RuBisCO large subunit (A0T0N6) expression while it was
up-regulated under Fe-limiting conditions in whole-cell proteomes (Nunn et al. 2013).
Differences in the analysis of membrane proteins, such as RuBisCO, between whole
cell and plastid-enriched proteomes may result from decreased extraction of
membrane bound proteins, inherent in whole cell proteome profiling.
Iron Limitation Alters Light Harvesting Protein Expression
Iron limitation stresses photosynthetic plastid function as Fe is an important
co-factor in the photosynthetic electron transport chain (Raven 1990, Raven et al.
1999, Van Oijen et al. 2004) and Fe insufficiency can cause photoinhibition (Zhu et al.
2010) and photo-inactivation of photosystem subunits, including protein D1
(A0T0W2) of PSII, as a result of excess light excitation (Li et al. 2016). Diatoms
contain expanded families of Fucoxanthin-chlorophyll a-c binding proteins (FCPs),
including the LHCX clade of FCPs, in comparison to green algae, with number of
isoforms differing between diatom species (Taddei et al. 2016).We detected three of
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the five LHCX proteins encoded within the T. pseudonana genome and observed
LHCX6 induction under Fe limitation (Table 5).
In response to conditions like Fe limitation that induce photoinhibition (Zhu et
al. 2010, Li et al. 2016), diatoms alter their ratios of antenna complexes including
fucoxanthin chlorophyll a/c binding proteins such as LHCX proteins, to dissipate
excess light through non-photochemical quenching (NPQ) (Lepetit et al. 2016).
LHCX1 has been suggested to serve as the primary means of NPQ as it is
constitutively expressed in response to dynamic light (Lepetit et al. 2016), We also
observe a constitutively high spectral count for LHCX1 (B8CGG0) under both Fereplete and Fe-limited conditions and constitutive expression of LHCX5 (B8BSG2)
levels across both Fe conditions, albeit at levels lower than observed for LHCX1. This
lower constitutive expression suggests LHCX5 may play an accessory role in general
NPQ in conjunction with LHCX1.
Diatom species also differ in their composition of LHCX proteins and in their
patterns of regulation. Under Fe-limitation, LHCX6 (B8CGG1) is up-regulated, with
no spectral counts observed under Fe-replete conditions. It should be noted that
LHCX6 is not encoded in the genome of the model pennate diatoms species,
Phaeodactylum tricornutum (Bowler et al. 2008, Taddei et al. 2016). In T. pseudonana
this protein may provide an alternative Fe-limitation induced NPQ response, as it has
been shown to be induced under high-light conditions within the polar diatom species
Chaetoceros neogracile (Park et al. 2010). In Phaeodactylum tricornutum, Felimitation increases LHCX2 transcripts, with a slight induction of the other LHCX
isoforms (Taddei et al. 2016). In contrast, LHCX2 in T. pseudonana was not detected
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under either Fe-replete or Fe-limited condition, suggesting differing regulation
between the low Fe tolerant P. tricornutum and the higher-Fe requiring T.
pseudonana. We did not observe peptides for LHCX4 within the plastid-enriched
proteome. This isoform is associated with dark-acclimated cells and is highly downregulated under even low light conditions (Lepetit et al. 2013, Nymark et al. 2013). As
plastids isolated in this experiment were not from dark-acclimated cells, this is
consistent with the absence of LHCX4 within the dataset.
Iron Limitation May Increase Recycling of The PSII Protein D1
Diatom plastid genomes maintain genes of prokaryotic origin including
transcriptional and translational machinery, distinct from the gene expression
machinery of the eukaryotic nucleus (Hadariová et al. 2017). We observe statistically
significant up-regulation under Fe-limitation of plastid-encoded proteins involved in
transcription (A0T0Q9, A0T0R0, A0T0Z4) and translation (A0T0Q8, A0T0X9,
A0T0Y3, A0T0Y5, A0T0Z5), suggesting the plastid is compensating for
photosynthetic protein loss by synthesizing additional plastid encoded proteins. One
such protein that may be actively resynthesized under Fe limitation is the PSII protein
D1 (A0T0W2). D1 can be inactivated by excess light excitation (Li et al. 2016) and
require resynthesis. To preserve photosynthetic processes, diatoms cycle inactivated
subunits (Fig. 8), through a pool of excess active subunits and degradation of inactive
D1 subunits with specific proteases, including the zinc metalloprotease FtsH
(A0T0S3) (Kato and Sakamoto 2009, Li et al. 2016). We see a small up-regulation
(log2 fold change =0.322) of D1 (A0T0W2) under Fe-limited conditions. supporting
the notation that Fe limitation increases photo-inactivation and results in an up-
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regulation of D1 synthesis. Net D1 synthesis might be higher and counteracted by the
degradation of inactivated subunits resulting only in a slight net increase of D1 levels
at steady state in Fe limitation. It should be noted that FtsH exhibits constitutive
expression across Fe levels (log2 fold change =0.068) suggesting that Fe-replete levels
of FtsH is capable of meeting rates of photo-inactivation of D1 under low Fe
conditions. Within this dataset we observed no statistically significant regulation of
any other plastid-encoded proteins.

Conclusions and Perspective
Sub-cellular proteomic approaches represent an important methodology to
understand diatom protein regulation, by focusing on proteins enriched in a specific
organelle. While whole cell proteomic methodologies allow for a broad overview of
changes in protein regulation, they often suffer from a lack of sensitivity due to
detection limits of lower abundance proteins specific to organelles. This issue is
overcome through the use of organelle enriched proteomes, due to a reduction in the
total number of proteins and enrichment of function within the fraction allowing for
greater protein resolution. In addition, proteomics and sub-cellular proteomics allow
for simultaneous analysis of regulation for plastid-encoded and plastid-targeted
proteins, which are not possible with transcriptome analyses using standard poly A
selection for mRNA enrichment as plastid genes lack polyA tails.
Diatom plastid proteome sequencing enabled identification of the plastidlocalized proteome of a model diatom species, and its regulation under Fe-limited
conditions. We compared the content of our proteome to that predicted for plastid
targeting using a canonical N-terminal ASAFAP motif. Using a homology network
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approach to curate the proteome data, we assigned proteins that lack the ASAFAP
motif to plastid functions with high confidence. This suggests the presence of yet
uncharacterized plastid targeting pathways for nuclear proteins, which are not
dependent on the canonical ASAFAP motif. The fact that a high number of
computationally predicted plastid targeted proteins are not detected in our plastid
proteome (Gruber et al. 2015) suggest that the full inventory of proteins localized to
the plastid may be impacted by physiology specific factors such as differences in
nutrient supply or growth state. The fact that Fe limitation presented a distinct suite of
plastid proteins unique from the nutrients sufficient condition supports this notion.
Following the response to Fe supply in the curated proteome has allowed us to define
plastid-specific pathways impacted by Fe supply. These regulatory responses
including alteration in light harvesting complex proteins ratios, decrease in the
regenerative phase of the Calvin cycle, and an increase in the rate of PSII D1
recycling.
In addition, the large portion of plastid proteins not bioinformatically
predicted to be plastid localized, of which 228 are functionally uncharacterized,
highlights that current tools may be underestimating how Fe bioavailability may
impact plastid function. Direct sequencing of the plastid proteome under differing Fe
supply highlights that this approach has potential for identifying additional plastid
protein content and function. To assess differences in the Fe-limited response of the
plastid proteome as a potential factor in difference of Fe requirements of diatom
species, future analyses of closely related Thalassiosira species with low Fe
requirements may provide insight into different regulation responses, and additional
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Fe-level sensitive proteins localized to within the plastid. In addition, comparison of
plastid proteome metabolic function from distinct photosynthetic lineages, may
provide insight into the development or loss of plastid metabolic function through
evolutionary time.
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I.

Engulfment of cyanobacteria
by non-photosynthetic protist

Gene transfer from cyanobacteria
genome to protist genome

Ancestral alga
(2 membrane plastid)

Secondary Endosymbiosis
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NUCLEOMORPH

Engulfment of red algae
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Figure 1. Sequence of serial endosymbiotic events from which diatom species are
derived and that impacts the unique composition of diatom chloroplast outer
envelopes. I. Following the establishment of primary plastids through the engulfment
of a cyanobacteria by a non-photosynthetic protist, genes are transferred from the
plastid genome to the nuclear genome. II. Subsequent engulfment of an algal species
by a non-photosynthetic protist resulted in the establishment of a secondary plastid
containing organism from which diatoms have evolved, with nuclear encoded genes
that are targeted back to the plastid (Bhattacharya et al. 2007, Stiller et al. 2014).
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Figure 2. Canonical plastid import pathway of nuclear encoded proteins. Import is
dependent on the presence of bi-partite transit peptide, composed of a signal (SP) and
transit peptide (TP) (Gruber et al. 2007, Hempel et al. 2009). Transport across the
endoplasmic reticulum (ER) membrane is performed via Sec61, dependent on the SP.
Transport into the periplasmic compartment (PPC), dependent on the TP, is performed
via symbiont-specific ERAD-like machinery (SELMA)(Stork et al. 2012). Further
transport into the plastid stroma is dependent on the presence of phenylalanine (F) at
the +1 position of the TP and is performed through the Omp85/TIC complex.
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Figure 3. Growth Curves of T. pseudonana cultures under Fe-limited and Fe-replete
conditions with average cell counts. For each culture and time point cells were
counted in in duplicate, with error bars representing +/- 1 standard deviation. Samples
for plastid enrichment were collected on day 4 while cells were in exponential growth.
Table 1. Growth rates of T. pseudonana cultures grown under Fe-limited and Fereplete conditions calculated from duplicate direct cell counts.

Specific Growth Rate
Doubling Time (Days)
Doublings Per Day

+Fe
0.54
1.29
0.78

-Fe
0.29
2.36
0.42
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Figure 4. SDS-PAGE gel of diatom whole cell and plastid enriched fractions.
The order of samples on the example protein gel are:
1- T. pseudonana plastid +Fe, 2- T. pseudonana plastid -Fe ,3- T. weissflogii plastid
+Fe
4- protein ladder, 5- T. pseudonana whole cell +Fe, 6- T. pseudonana whole cell -Fe,
7- T. weissflogii whole cell +Fe, 8-Spinach whole cell
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Figure 5. Distribution of the 929 proteins of the plastid enriched proteome of T.
pseudonana between Fe replete and limited conditions. A protein was determined to
be within a specific condition if ≥ 2 spectral counts were observed within each
replicate.

Table 2. Comparison of the number of genes encoded on the plastid proteome and the
size of the current confirmed plastid proteomes for T. pseudonana and A. thaliana.
Plastid proteome size for T. pseudonana listed is the number of plastid and nuclear
encoded proteins, following protein sorting (Fig. 6).

Organism

Number of
Plastid
Encoded
Genes

Plastid
Proteome
Content

Unique
KEGG
Functions

T. pseudonana

127

595

308

A. thaliana

80

690

463
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Figure 6. Computational pipeline for localization predictions of nuclear encoded
T. pseudonana plastid proteins. A. Initial localization prediction of protein
localization was performed using ASAFAP and HECTAR, proteins not predicted to
the plastid were subjected to additional analyses B. Proteins with “no predicted
localization” following ASAFAP/HECTAR analysis were subjected to homology
network analyses to provide further localization. C. Proteins with predicted signal
peptides/anchors were subjected to additional analysis using TMHMM and Mempype
to provide further localization.
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Figure 7. Results of computational localization predictions of the 929 proteins from
the plastid-enriched proteome of T. pseudonana. Proteins were analyzed using the
plastid localization software, ASAFind and HECTAR. Proteins with no predicted
localizations were subjected to additional analysis using sequence homology networks
created using EGN.
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Figure 8. Recycling of Photosystem II subunits during excess light stimulation. Upon
excess light excitation PSII D1 can become photo-inactivated, and subsequently
degraded by the metalloprotease FtsH. Degraded D1 is then replaced by subunits
synthesized within
the plastid. Photo-inhibition can be prevented through the process of nonphotochemical quenching (NPQ), during which excess light energy is dissipated as
heat by light harvesting complex proteins (LHC). This dissipation of excess light
energy by NPQ, prevents the photo-inhibition of D1.
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Table 3. Inventory of T. pseudonana encoded Calvin Cycle proteins within +/Feplastid proteomes and their regulation under Fe-limited condition.
Name

Uniprot ID

RuBisCO large subunit
A0T0N6
RuBisCO small
subunit
Not Detected
PhosphoglycerateB5YN92
kinase
Glyceraldehyde-3phosphate
B8BQU2
dehydrogenase
Triose-phosphate
B8C8U5
isomerase
Fructose 1,6bisphosphatase
Not Detected
Fructose-bisphosphate
B8BXS1
aldolase
Transketolase
Ribose-5-phosphate
isomerase
Phosphopentose
epimerase
Phosphoribulokinase

Regulation

Log2 Fold Change

No Regulation

-0.234

Downregulated

-0.554

No Regulation

0.322

Downregulated

-2.216

Downregulated
Downregulated

B8BTR4

-1.849
-1.248

Not Detected

-

-

Not Detected
Not Detected

-

-

Table 4. Inventory of T. pseudonana encoded Lhcx proteins within Fe+/Fe- plastid
proteomes and their regulation under Fe-limited condition.
Log2 Fold
Name
Uniprot ID
Regulation
Change
LHCX1

B8CGG0

Non-regulated

-0.038

LHCX2

B8CGG2

Not Present

-

LHCX4

B8C364

Not Present

-

LHCX5

B8BSG2

Non-regulated

LHCX6

B8CGG1

Up-regulated

LHCX6_1

B5YLU3

Non-regulated
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-0.363
1.945
0.02
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Abstract
Within the Southern Ocean, diatom communities experience limited growth
despite high levels of macronutrients including nitrogen. This growth limitation is due
to limiting concentrations of iron (Fe), an essential co-factor in metabolic reactions of
the chloroplast. As important marine primary producers, the regulation of the
chloroplast represent an important metabolic response to changes in Fe-status within
the diatom community. To assess these metabolic responses at the community level a
Meta-plastid approach was taken, assessing the regulation of transcripts of both
chloroplast encoded and nucleus-encoded choloroplast targeted proteins, within 14
day Fe-amended incubation experiments. Within this targeted chloroplast approach,
regulation of genes involved in carbon fixation, photosynthetic light reactions, and
nitrogen assimilation was detected within an early bloom response, dominated by
Chaetoceros.
Introduction
As important primary producers responsible for approximately 40% marine
carbon fixed annually (Nelson et al. 1995), diatom rates of growth and primary
production are constrained in large regions of the surface ocean by low iron (Fe)
availability (Geider and La Roche 1994; Sunda and Huntsman 1995; Moore et al.
2013). These oceanic regions are referred to as high nutrient low chlorophyll (HNLC),
due to the low bioavailability of Fe preventing growth and uptake of other nutrients by
phytoplankton including diatoms (Martin 1990; Martin et al. 1990). Following the
introduction of Fe into HNLC waters, diatom populations bloom (Martin et al. 1990;
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Sunda and Huntsman 1995), indicating adaptations allowing for their survival in low
Fe environments and for rapid growth when Fe becomes more abundant.
One large HNLC region is the Southern Ocean, which despite its low
bioavailability of Fe, is responsible for approximately 40% of global ocean
atmospheric carbon uptake due to a combination of chemical, physical, and biological
processes (Caldeira and Duffy 2000; Lachkar and Orr 2009). Due to the Southern
Ocean’s large contribution to carbon uptake, and the ability of diatom species to
persist under chronically low Fe conditions, research has been performed to
understand their adaptions and responses to intermittent pulses of Fe (Quéguiner 2013;
Moreno et al. 2017; Strzepek et al. 2012; Smetacek et al. 2012).
To better understand the nature of diatom adaptation to low Fe and response to
Fe supply, effort has been aimed at understanding the metabolic adaptations that
diatoms to persist within Fe-limited HNLCs. These responses include replacement of
Fe containing proteins for non-Fe containing counterparts (Whitney et al. 2011;
Chappell et al. 2015), alterations of light harvesting complexes within the chloroplast
(Chapter 1), and Fe storage processes (Marchetti et al. 2009). The Fe constraint on
diatom growth and primary production is particularly due to chloroplast function as
essential metabolic pathways in the plastid, including photosynthesis and nitrogen
metabolism, have a biochemical requirement for Fe (Geider and La Roche 1994;
Milligan and Harrison 2000). As multiple chloroplast functions depend on Fe as a
cofactor, we have been interested in following diatom chloroplast physiological and
genetic responses to Fe supply.
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Previous research using proteomic sequencing of isolated chloroplasts from the
model diatom species Thalassiosira pseudonana grown under Fe sufficiency and in Fe
limitation shows regulation of chloroplast encoded and targeted proteins under Felimitation (Chapter 1). These chloroplast specific responses include regulation of
light harvesting complexes, carbon fixation, and proteins involved in nonphotochemical quenching.
While lab-based experiments have provided an initial understand of diatom
chloroplast physiology under variable Fe-conditions, assessment of diatom chloroplast
responses in natural populations at the community level would provide further insight
in how these responses occur within HNLC regions, particularly within Fe fertilized
bloom events. To provide this insight, shipboard Fe-amendment incubations were
performed in the Southern Ocean in the austral spring of 2016. We focused on
analyzing responses of diatom chloroplast encoded and targeted genes using an
approach we term a Meta-plastid transcriptome analysis. In this approach, RNA was
isolated from incubation experiments and depleted for rRNA to preserve chloroplast
transcriptome signals. Transcriptome data was mapped to a database of diatom
chloroplast and chloroplast targeted homologues generated from homology searches
against the T. pseudonana chloroplast reference proteome. This approach specifically
assesses how chloroplast physiology in low-Fe diatom acclimated communities
respond to Fe amendment on a community level. In response to Fe-amendments we
observe shifts in both in diatom genera as well as significant differential regulation of
both chloroplast targeted and encoded genes, including components of the
photosynthetic light reactions, Calvin Cycle, and nitrogen assimilation.
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Methods
Natural Community Iron Amendment Experiment Setup
Sampling was performed onboard the Nathaniel B. Palmer during the early
austral spring of 2016 (9/7/16-10/14/16, cruise NBP1608). Incubation cultures were
setup from unfiltered seawater collected using a SeaBird GEOTRACES style SBE32
rosette system deployed on a conducting Kevlar line with OceanTestEquipment, Inc.
X-Niskin samplers modified for trace element sampling. Seawater was collected from
three consecutive casts to 25-35 m depth at -62.332N, -64.647E and the seawater from
each cast was homogenized in three acid-cleaned and Milli-Q (>18.2 MΩ cm)
conditioned 50-L polypropylene carboys, then distributed into acid-cleaned and MilliQ conditioned 4-L polycarbonate incubation bottles that were rinsed three times with
the seawater prior to filling. Once filled, incubation bottles, setup in triplicate,
experimental incubations were spiked with 4nm Fe57 in laminar flow hoods in a
shipboard trace metal bubble, sealed with the caps wrapped in parafilm and placed in a
2 ºC temperature-controlled lit incubator van illuminated with constant 24-hour blue
light.
Chlorophyll a measurements
Subsamples (50-100 ml) from incubation bottles were collected onto 25mm
GFF filters and extracted using a 12 hour ethanol extraction (Morison and Menden‐
Deuer 2015). All measurements were performed on a Turner 10-AU Fluorometer. To
prevent contamination of incubation bottles subsampling for chlorophyll
measurements were performed within the shipboard trace metal clean bubble, and
were collected on incubation days 0, 1, 3, 5, 7, 9, 12 and 14.
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Nutrient measurements
Samples for macronutrients were filtered through sequential 5 µm and 0.4 µm
acid-cleaned polycarbonate track etched filters (Whatman Nuclepore) on Teflon
filtration rigs (Savillex) and the filtrate collected in 50 mL Falcon tubes that had been
rinsed with distilled water (DIW), soaked overnight in 10% hydrochloric acid (HCl,
Fisher, Trace Metal Grade), rinsed three times with DIW, dried and rinsed three times
with sample prior to filling. Samples were analyzed shipboard, typically within 24
hours, for nitrate+nitrite, phosphate, silicate, and occasionally nitrite. Until analyzed
shipboard, nutrient samples were stored sealed at 4 ºC in the dark and, following
analyses, samples were frozen at -20 ºC and shipped back to the University of South
Florida for laboratory-based analyses of nitrite and ammonium, and in some cases
again for nitrate+nitrite, phosphate and silicate.
Analytical methodology for nutrient measurements was based on established
methods (Parsons et al. 1984; Gordon et al. 1993) as described for the Lachat 8500
QuickChem in the Lachat QuickChem methods manuals and for the Technicon AAII
in the CARIACO methods manual. All labware were either glass or high-density
polyethylene and were cleaned by an initial distilled water (DIW) rinse, followed by
an overnight 10% hydrochloric acid (Fisher, Trace Metal Grade) soak, then rinsed
three times with DIW and three times with solvent, analyte or sample prior to fill.
Dedicated glassware was used for reagents and standards to avoid cross
contamination. All reagents were made in high purity Milli-Q (>18 MΩ cm) water.
An artificial seawater matrix was used as the carrier for the analyses on the Lachat
QuickChem 8500 at sea and on the Technicon AAII in the lab. 4L batches of artificial
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seawater were made by dissolving pre-weighed salts (128.50 g NaCl, 28.50 g
MgSO4*7H2O, 0.6714 g NaHCO3) in Milli-Q to match Southern Ocean seawater
salinity and adjusted to match Southern Ocean seawater pH with 10% hydrochloric
acid.
Five-point standard curves were analyzed in duplicate at the beginning and end of
each run with duplicate reagent blanks, and quality control checks every seventh
sample. Quality control check consisted of either an international reference sample or
a quality control sample. The certified nutrient reference samples used, lots CC and
CD, were purchased from Kanso Technos in Osaka, Japan. The quality control sample
was made from a 20-L homogenized surface Southern Ocean filtered and autoclaved
seawater sample. The midpoint standard from the calibration curve was also analyzed
every fourteenth sample to check for drift during the runs.
Detection limits for all five parameters on the two instruments used were
determined from three times the standard deviation of replicate artificial seawater
blanks (n>6). On the Lachat QuickChem 8500, limits of detection were 0.01 μM for
nitrate+nitrite, 0.02 μM for phosphate, 0.03 μM for silicate, 0.05 μM for nitrite and 0.5
μM for ammonium. On the Technicon AAII, limits of detection were 0.06 μM for
nitrate+nitrite, 0.02 μM for phosphate, 0.2 μM for silicate, 0.01 μM for nitrite, and
0.05 μM for ammonium.
Dissolved Iron measurements
Samples for dissolved trace metals were filtered through sequential 3 μm and
0.4 µm acid-cleaned PCTE filters on Teflon dual-stage filter rigs (Savillex) connected
to a custom-made, trace-metal-clean vacuum filtration system. The dissolved fraction
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(<0.4 μm) filtrate was collected in acid-cleaned 125-mL low-density polyethylene
(LDPE) bottles. Bottles were rinsed three times with sample seawater prior to filling.
Samples were acidified to pH 1.8 (0.024 M HCl, Fisher, Optima) and stored double
bagged in buckets at room temperature until analyzed at the University of South
Florida.
Extraction and pre-concentration of the dissolved samples was performed
using the seaFAST-pico system (Elemental Scientific) offline (Lagerström et al. 2013;
Rapp et al. 2017). The commercially available Nobias-chelate PA1 resin (Sohrin and
Bruland 2011; Biller and Bruland 2012)in the seaFAST preconcentration column
concurrently extracts the trace metals of interest in this study: Mn, Fe, Co, Ni, Cu, Zn,
Cd, and Pb. To sufficiently extract dissolved Co and Cu, ultraviolet (UV) oxidation of
the dissolved samples was conducted prior to seaFAST extraction (Biller and Bruland
2012). To accomplish this, dissolved samples were poured into acid-cleaned Teflon™
30-mL vials (Savillex) with Teflon™ caps custom-fitted with transparent quartz
window, and UV oxidized for 90 minutes at ~20 mW cm-2 in a UVO-Cleaner®
(Jelight Model No. 342) after a 30-minute system warm-up.
During the seaFAST extraction process, UV-oxidized samples were buffered
to a target pH range of 6.0 to 6.5 (Lagerström et al. 2013). To conserve the buffer
reagent, the seaFAST buffer flow rate was adjusted in the submethod from 400-650 to
400-350 sec-μL/min. To make the ammonium acetate (NH4Ac) buffer, a solution of
5.3 M glacial acetic acid (HAc, Fisher, Trace Metal Grade) and 2.6 M ammonium
hydroxide (NH4OH, Fisher, Optima) in Milli-Q was adjusted to pH 7.4 ± 0.2 with
small additions of either HAc or NH4OH.
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For preconcentration of the extracted trace metals, the seaFAST software
method was programmed to take up one 10-mL loop of sample seawater and elute the
extracted trace metals with 400 μL of elution acid. The elution acid was 0.74 M tripledistilled nitric acid (HNO3) containing 10 ppb indium (In) and rhodium (Rh) internal
standards. The HNO3 was triple-distilled using a Savillex DST-1000 Acid Purification
System prior to use. The eluent was eluted into acid-cleaned, 2.0 mL PVDF vials
(Elemental Scientific) with TeflonTM caps (Elemental Scientific). A 0.30 M HNO3
(Fisher, Trace Metal Grade) rinse for the seaFAST autosampler probe was used
between each sample.
Quality control (QC) checks were included in seaFAST runs. GEOTRACES
2008 GS and SAFe 2004 D2 reference samples were measured to assess accuracy.
Additionally, QC seawater samples were run approximately every 15 samples to
monitor instrument precision over time. The first QC was offshore seawater from the
Antarctic Circumpolar Current (ACC), acidified to pH 1.8 (0.024 M) with Optima
(Fisher) HCl. The second QC was from offshore Eastern Pacific Zone seawater,
acidified to pH 1.8 (0.024 M) with Optima (Fisher) HCl.
Two sets of standard curves were made for these analyses: one set in ACC QC
seawater (acidified to 0.024 M with Optima HCl) and a second set in the elution acid
(0.74 M triple-distilled HNO3 containing 10 ppb In and Rh). For the mixed metal
standard curves, stock solutions were made in 1.49 M Optima (Fisher) HNO3 using
1,000 ppm standards (ULTRA Scientific) of Mn, Fe, Co, Ni, Cu, Zn, Cd, and Pb. Each
curve was a minimum of six points and made to cover the concentration ranges of the
dissolved trace metals in incubation samples.
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The eluents from the seaFAST were analyzed on a Thermo Scientific magnetic
sector Element XR High Resolution Inductively Coupled Plasma Mass
Spectrophotometer (HR-ICP-MS). In between each sample, the autosampler probe
was rinsed twice in 0.74 M TraceMetalGrade (Fisher) HNO3, to avoid sample
carryover. To account for any interference of MoO+ on Cd counts, a three-point Mo
calibration curve was made in elution acid and the slope of the Mo counts plotted
against Cd counts was used to adjust Cd counts.
Trace metals were quantified by standard addition from the seawater standard
curves. The average counts for each trace metal were normalized to the internal
standard counts per sample, to account for daily drift in ICP-MS measurements.
Dissolved trace metal concentrations in each seawater sample were calculated from
the seawater calibration curve slope. The In-normalized average trace metal counts
were divided by the seawater standard curve slope to yield the trace metal
concentrations in each eluent.
Air blanks were measured with a minimum of three replicates per seaFAST
and Element XR run. For the air blanks, the seaFAST method was run as usual, but
taking up air instead of acidified seawater. For the dissolved trace metal
concentrations presented here, the average air blank concentrations per seaFAST run
were subtracted from the dissolved sample concentrations to account for the
procedural blank.
Nucleic Acid Sample Filtration
Incubations were subsampled within a shipboard trace metal clean bubble and
filtered in a 4 ºC cold room. Samples for DNA and RNA extraction and sequencing
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were collected in triplicate on day 0 and day 14 through sequential filtration onto 3 µm
followed by 0.2 µm pore 25mm filters. Sample filters were placed into RLT Plus
buffer (Qiagen), flash frozen in liquid nitrogen, and stored at -80 ºC prior to
extraction.
Metatranscriptome Sequencing
RNA samples were extracted from 3 µm filters using the Qiagen All Prep kit.
Prior to sequencing, samples preparation and ribosomal RNA removal from samples
through rRNA depletion was performed (GeneWiz). rRNA depleted samples were
then sequenced on an Illimuna HiSeq (GeneWiz), to produce ~65 million, 150bp, pair
end reads per sample.
DNA Barcoding
DNA samples were extracted from 3 µm filters using the Qiagen All Prep kit.
DNA samples were amplified using diatom specific 18S V4 primers (Zimmermann et
al. 2014) modified with Illumina adapter sequences (Chappell et al. 2019) and used for
pair-end sequencing on an Illumina MiSeq. Trimming of Illumina adapter and primer
sequences were removed from sequencing libraries using Trimmomatic (Bolger et al.
2014). Trimmed reads were imported into DADA2 (Callahan et al. 2016) and quality
trimmed prior to merging. Resulting ASVs were assigned taxonomy against the
SILVA v132 database (Quast et al. 2013), with relative abundance determined by the
percent of reads per sample assigned to each ASV.
Diatom Visualization with Flowcam
Qualitative assessment of changes in diatom genera between incubations was
performed using a Flowcam (Fluid Imaging Technologies) to provide support to rRNA
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sequencing results. Unconcentrated 50 mL subsamples were taken from incubations
bottles on the day 14 harvest and run under a fluorescence trigger, using the 4x
objective and 300 µm flowcell.
Trinity assembly of metatranscriptomes
Sequences were trimmed using Trimmomatic v0. (Bolger et al. 2014) with the
following parameters in the order listed: an IlluminaClip (with 2:30:10 settings) using
the TruSeq3-PE-2.fa adapter sequence file provided by Trimmomatic, headcrop of 15
bp, sliding window of 6 bp and phred score of 20, and minimum length of 25 bp. A
quality control report of the forward and reverse reads from each sample was
generated using FastQC v0.11.5 (Andrews 2010) and compiled using multiqc (Ewels
et al. 2016) before and after adapter removal and trimming. Removal of any residual
rRNA sequences was done by mapping the trimmed reads against the SILVA 128
rRNA database (Quast et al. 2013) using Bowtie2 v2.2.9 (Langmead and Salzberg
2012). Transcripts were then de novo assembled using Trinity v2.8.4 (Grabherr et al.
2011)mon the XSEDE Pittsburgh Supercomputing Center’s Bridges server in pairedend mode with the default kmer length of 25 bp and –min_kmer_cov set to 2.
Metatranscriptome redundancy was reduced by clustering like-transcripts with CDHIT-EST v4.6.8 (Huang et al. 2010), using the parameters -c 0.98 -n 10.
The assembled metatranscriptome was then run through Transdecoder v.5.5.
(Haas et al. 2013) to determine the likely open reading frames (ORFs) within the
assembly and translate them into protein sequences. To ensure ORFs with homology
to known proteins were retained, results from BLAST and Pfam searches were
included. The TransDecoder.LongOrfs command was first used to identify and extract
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long ORFs (>100 amino acids) within the dataset. These long ORFs were then queried
against the UniProt Swiss-Prot database (The UniProt Consortium 2019) and a custom
protein database using blastp with an e-value cutoff of 1e-5. The custom database
contained 5 diatom genomes and 10 Fe-limited diatom transcriptomes. The 5 diatom
genomes (Fragilariopsis cylindrus, Phaeodactylum tricornutum, Pseudo-nitzschia
multi-series, Thalassiosira oceanica, and Thalassiosira pseudonana) were
downloaded from the Joint Genome Institute website. All transcriptomes were
downloaded from the Marine Microbial Eukaryote Transcriptome Sequencing
(Keeling et al. 2014) hosted on the iMicrobe website. The hmmscan command from
HMMER v3.1 (Eddy 2011) was then used to search for protein domains within the
long ORFs using the Pfam database. The TransDecoder.Predict command was then
run using the –retain_pfam_hits and --retain_blastp_hits flags to retrieve all candidate
coding sequences and their respective peptide sequences. The –single_best_only flag
was also used to retain only the single best ORF per transcript, determined first by
homology then ORF length.
Meta-plastid Pipeline Analysis
To assign taxonomy to transcripts within assembled metatranscriptomes,
translated peptide sequences were run against the protein dataset PhyloDB(v. 1.075),
which contains transcriptomes generated form the Marine Microbial Eukaryotic
Transcriptome Sequencing Project dataset (Keeling et al. 2014), using Diamond with
an e-value cutoff of 1E-03. To determine the lineage probability index (LPI) the
resulting DIAMOND output was analyzed using LPIclassify describing the most
likely taxonomy for each transcript (Podell and Gaasterland 2007)(Supp. Table 1).
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Salmon v0.10.2 (Patro et al. 2017) was used to determine read counts for each
biological replicate using the Trinity align_and_estimate_abundance.pl perl script. The
trimmed and rRNA filtered reads for each +Fe and -Fe sample were used to map back
to the metatranscriptome. The Trinity abundance_estimates_to_matrix.pl script was
used to compile the expression matrices, and the Trinity
filter_low_expr_transcripts.pl script with the –highest_iso_only flag was used to filter
the metatranscriptome to only include the highest expressed isoform per gene.
Generation of the Meta-plastid dataset was then accomplished through a
sequence homology approach using Diamond (Buchfink et al. 2015). Assembled
coding sequences from Southern Ocean metatranscriptome datasets were queried
against the T. pseudonana chloroplast proteome (Chapter 1) with a maximum hit evalue of 1E-03.
Annotation of the resulting genes within the Southern Ocean Meta-plastid was
performed using Eggnog (eggNOG v5.0, eggnog-mapper v2) (Huerta-Cepas et al.
2017, 2018). Coding sequences were submitted under the following parameters
(Maximum hit e-value: 0.001, Minimum hit bit-score: 60, Minimum % of query
coverage: 20). Assessment of differential expression across conditions was performed
using the R package Deseq2 (Love et al. 2014). Principal component analysis and
gene correlation matrixes were performed using the R package pcaExplorer (Marini
and Binder 2019). Differential regulation was defined as an absolute log2fold change
> 1 with an adjusted p-value < 0.1, with regulation being in response to Feamendment.
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Results and Discussion
Fe-amended incubations exhibit increased chlorophyll a concentrations and
macronutrient drawdown
Incubations established from the low Fe Drake Passage in the austral spring of
2016 (Fig. 1, 2)(Table 1), showed significant differences following Fe-amendment.
Control and Fe-amended experiments exhibited similar growth and nutrient uptake
until day 9 of the incubation. Following day 9, we observed a large increase of
chlorophyll a concentration within Fe-amended incubations with a resulting increase
of nutrient uptake and near complete draw down of silica, (Fig. 3 A), nitrogen (Fig. 3
B), and phosphorous (Fig. 3 C). Within Fe amended samples, a steady drawdown of
the added 4 nm Fe was observed until day 14 when Fe concentration was similar to
control incubations (Fig. 3 D). Within our control incubations, Fe concentrations
remain relatively consistent across the course of the incubations, remaining near initial
in-situ concentrations.
Following Fe-amendment Chaetoceros dominate diatom community composition
Following Fe-amendment, DNA barcoding data shows shifts in sequences
corresponding to dominant members of the diatom community (Fig. 4). This is
highlighted by the increased representation of Chaetoceros following Fe-amendment
in comparison to the control incubations. We also observe a decrease in relative
abundance of Fragilariopsis species, while Thalassiosira and Pseudo-nitzschia
maintain their relative abundance following Fe-amendment. The dominance of
Chaetoceros observed with 18S V4 rRNA amplicon sequencing within Fe-amended
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incubations is supported by visual assessment of diatom community composition
using Flowcam imaging analysis (data not shown).
These results are consistent with other studies analyzing Southern Ocean
phytoplankton blooms stimulated by Fe-amendment, that show successive impacts on
diatom community structure, with the initial phase of blooms being dominated by
slightly silicified fast-growing cells and frequently dominated by Chaetoceros species
(Quéguiner 2013). The community structure within our Fe-amendment incubations
likely represents an early stage of bloom formation, with a dominance of Chaetoceros
species, before succession to more heavily silicified diatoms with slower growth rates,
such as Fragilariopsis which have bene observed in naturally iron fertilized blooms in
the Southern Ocean (Bathmann et al. 1997) . The analysis of metatranscriptome gene
expression data from our incubation experiments will be discussed in context of early
stage of bloom formation, and the initial response of diatom communities to Feamendment.
Southern Ocean Meta-plastid exhibits genus-specific regulation following Feamendment
Within the Southern Ocean Meta-plastid dataset, we observed a total of 22843
genes across over 42 genera (Fig. 5) with 3873 (~13%) up-regulated and 6503 (~9%)
down-regulated (absolute log2fold change > 1with an adjusted p-value < 0.1) (Supp.
Table 1). Up or down regulation is defined as the regulatory response of transcripts
within the Meta-plastid to Fe-amended conditions. It is important to note that
functional and taxonomic assessment of transcript regulation is limited by the
availability of reference transcriptomes used for assignment of taxonomy within the
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Southern Ocean Meta-plastid. This is highlighted by the presence of a greater
coverage of some genera, particularly Thalassiosira chloroplast encoded transcripts
present within our Southern Ocean Meta-plastid in comparison to other genera within
our dataset. In addition, the generation of additional proteome datasets from isolated
diatom chloroplast proteomes, accompanied by additional reference transcriptomes
from diverse diatom genera may provide a more robust dataset for community-based
analyses, and taxonomic assignment. This is highlighted by the presence of a greater
coverage of Thalassiosira chloroplast encoded transcripts present within our Southern
Ocean Meta-plastid in comparison to other genera within our dataset.
Examination of regulatory responses within the Southern Ocean Meta-plastid
will be discussed further in the context of four diatom genera (Chaetoceros,
Thalassiosira, Pseudo-nitzschia and Fragilariopsis) due to their differing responses
observed between Control and Fe-amended incubation community composition.
Canonical Fe stress proteins exhibit regulatory patterns consistent with Fe
amendment
Initial assessment of Fe status within the incubations was performed by
determining regulation of canonical Fe responsive genes. These genes have been
previously shown to be highly regulated in relation to diatom Fe status and are their
upregulation has been shown to be markers of Fe stress. These genes include the nonplastid localized iron stress induced proteins (ISIPs) as well as Ferredoxin and
Flavodoxin that function within the light chloroplasts.
Within our data we detected genes with shared homology to ISIPs across
Chaetoceros, Pseudo-nitzschia, Thalassiosira, and Fragilariopsis (Fig. 6). These
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genes have been shown to be Fe-responsive with strong up-regulation under Fe limited
conditions. ISIP1 has been implicated in the uptake of siderophore bound Fe in
diatoms (Kazamia et al. 2018) and was found to be strongly downregulated following
Fe amendment in Chaetoceros, Thalassiosira, and Fragilariopsis with no transcripts
detected in Pseudo-nitzschia within our Southern Ocean incubations. ISIP2 has been
shown to be involved in the concentration and uptake of Fe(III) at the diatom cell
surface (Morrissey et al. 2015), and was shown to be downregulated within our Feamendment incubations in Chaetoceros and Pseudo-nitzschia, and upregulated in
Fragilariopsis following Fe-amendment. The regulatory responses of ISIPs we
observe in our incubation experiments is consistent with previous observations that
they are downregulated in response to Fe-amendments and confirm the diatoms in our
control incubations are experiencing Fe stress.
Ferredoxin is an iron-sulfur containing protein that serves as an electron carrier in
the photosynthetic electron transport chain. Under Fe-limiting conditions, diatoms
have been shown to replace ferredoxin with flavodoxin a non-Fe containing protein to
reduce their Fe demand (Roche et al. 1995; Chappell et al. 2015). Across all four
genera there was an observed upregulation of ferredoxin under our Fe-amended
conditions (Fig. 6). Transcripts showing homology to flavodoxin exhibit an interesting
pattern of both up and downregulation in response to Fe-amendment in Chaetoceros,
Thalassiosira and Fragilariopsis.
Previous research has shown that some copies of diatom flavodoxin fail to show a
regulatory response in relation to Fe status, but may rather be under the control of diel
cycling (Whitney et al. 2011). Flavodoxin transcripts within the Meta-plastid with
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homology to these non-Fe responsive copies were identified using phylogenetic
methods (data not shown) and not considered further in our analyses. Within the
flavodoxin transcripts grouping phylogenetically with Fe-responsive copies, we
observe the expected downregulation of flavodoxin upon Fe-amendment, but also
detect upregulation of transcripts within Chaetoceros, Thalassiosira and
Fragilariopsis. These observations are consistent with those obtained previously in the
Southern Ocean, whereby flavodoxin levels increased following Fe-amendment,
despite other biological parameters showing an alleviation of Fe-limitation (Boyd et
al. 2000). These previous observations (Boyd et al. 2000; Whitney et al. 2011), taken
in conjunction with the regulatory patterns observed within our Southern Ocean Metaplastid highlight that all flavodoxin gene copies may be markers for Fe-stress within
all organisms and communities, and may require species specific validation.
Iron Addition Upregulates Photosystem Subunits with Distinct Patterns in
Different Genera
Light harvesting reactions of the chloroplast are responsible for the generation
of reductive power (NADPH) and the proton motive force required for ATP synthesis,
both of which are utilized in the fixation of carbon during the Calvin Cycle (Arnon
1971). Regulation of chloroplast genome encoded components of photosystem II
(PSII) and photosystem I (PSI) may provide insight into the impacts of changes in Festatus on the light reactions of photosynthesis (Fig. 7).
Within PSII we observe a trend of upregulation in the subunits detected within
Chaetoceros including psbA and psbC, and in Thalassiosira including psbV and
psbO. This suggests that in response to Fe-amendment these genera increase PSII
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activity which is involved in the initial light excitation responsible for the removal of
electrons from water, and the generation of O2. Following PSII activity electrons are
passed onto PSI, responsible for the production of NADPH and proton motive force.
Within PSI we observe regulation of subunits including the upregulation of psaB and
psaL in Thalassiosira, which in conjunction with upregulation of PSII subunits
suggest an overall increase of photosynthetic activity within this genus. The
upregulation of psaE in Fragilariopsis and Pseudo-nitzschia, without any upregulation
of PSI subunits suggest potential cyclic electron flow within these genera. During
cyclic electron flow, electrons from PSI are passed cyclically back to the cytochrome
complex and is responsible for generation of ATP without the resulting generation of
NADPH. This response is utilized to balance pools of ATP and NADPH within the
chloroplast (Munekage et al. 2004), and plays a role in photoprotection of PSII/I
(Huang et al. 2015). This response suggests a reduced need for reducing power
(NADPH) within these genera for anabolic metabolism such as carbon fixation,
relative to photosynthetic potential.
Light Harvesting Complexes are Upregulated in Response to Fe Supply
During Fe-limiting conditions diatoms exhibit increased high light stress
conditions and have been shown to exhibit increased rates of non-photochemical
quenching under Fe-limited conditions (Lepetit et al. 2016). Previously we have
identified potential increased rates of PSII D1 subunit turnover under Fe-limiting
conditions, as well as modulation of light-harvesting complex proteins (Gomes et. al
in prep). These responses included the regulation of both nuclear- and chloroplastencoded light harvesting genes and chloroplast encoded photosystem genes (Fig. 7). In
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response to conditions like Fe limitation that induce photoinhibition (Zhu et al. 2010;
Li et al. 2016), diatoms alter their ratios of antenna complexes including fucoxanthin
chlorophyll a/c binding proteins such as LHCX proteins, to dissipate excess light
through non-photochemical quenching (NPQ) (Zhu and Green 2010; Lepetit et al.
2016; Lacour et al. 2018).
Within the Southern Ocean Meta-plastid we observe upregulation of LHCs
involved in the PSI reaction center, that in conjunction with an upregulation of PSI
subunits, suggests increased activity of PSI activity. This activity would result in
increases in NADPH production and an efflux of protons into the stroma resulting in
the proton motive force required for ATP Synthase function. The only LHCs in our
dataset with function related to PSII function showed homology to LI818Rs ( a group
of light harvesting genes closely related to Lhcxs)(Zhu and Green 2010) that have been
shown to be involved in non-photochemical quenching responses to excess light
stress. Both Chaetoceros and Thalassiosira show LI818R upregulation under Fe
supply. In Chaetoceros, 2 LI818R transcripts exhibited upregulation in response to Feamendment while a third transcript was downregulated. This response may suggest a
shift in LHC ratios in response to Fe-status as was observed in the T. pseudonana
chloroplast proteome. Thalassiosira contains 2 LI818R transcripts both of which show
upregulation. The single transcript present in Fragilariopsis exhibits no significant
regulation suggesting an alteration of LI818R subunits does not play a role in its
response to Fe-amendment.
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FtsH regulation is not a good proxy for Non-Photochemical Quenching
The chloroplast localized metalloprotease FtsH is responsible for the
degradation of photo-inhibited PSII D1 subunits (Bailey et al. 2002; Li et al. 2016). In
prior proteome experiments, we observed no regulation of FtsH in response to Festatus in T. pseudonana. Within the Southern Ocean incubations, we observe four
transcripts in Chaetoceros that share homology with FtsH, one of which exhibits
upregulation under Fe-amended conditions. Thalassiosira and Pseudo-nitzschia FtsH
transcripts did not exhibit Fe-condition dependent regulation. Fragilariopsis had one
FtsH transcript which exhibited downregulation under Fe-amended conditions (Fig.
7). These responses suggest that FtsH transcript abundance may not be the best proxy
for rates of NPQ following Fe-amendment, which is in line with previous results from
our T. pseudonana chloroplast proteome study in which no significant regulation of
FtsH to Fe-status was observed (Chapter 1).
Chloroplast Encoded ATP Synthase in Thalassiosira is Fe-Responsive
The proton motive force generated through the activity of photosynthetic light
reactions is funneled into the generation of ATP. Components of the ATP synthase,
encoded on the chloroplast genome, are responsible for the generation of ATP driven
by the proton motive force within the chloroplast (Fig. 7). Within our dataset we
observe a strong enrichment of ATP synthase genes within Thalassiosira when
compared to the other genera of interest. In Thalassiosira, following Fe-amendment,
we observe a downregulation of atpD, the beta subunit of ATP synthase in which the
catalytic sites are primarily located; an upregulation of atpE, the subunit shown to play
a direct role in the translocation of the F0 channel; and up and downregulation of atpG,
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the subunit that regulates ATP synthase function through potential redox sensing. In
Chaetoceros, the one ATP synthase subunit detected, atpE, also exhibited upregulation
Fe-amended conditions. Co-regulation between cytochrome b6f, the photosynthetic
component responsible for the translocation of protons across the thylakoid
membrane, and ATP synthase has been shown to be essential in maintenance of
photosynthetic function (Schöttler et al. 2015). Within Thalassiosira we observe
upregulation of two subunits of cytochrome b6f, petA and petB, which taken in
conjunction with the observed upregulation of the catalytic subunit of ATP Synthase,
suggests increased rates of photosynthetic activity and ATP synthesis. Cytochrome b6f
within Chaetoceros exhibits no significant regulation which coupled with the limited
regulation of ATP Synthase suggests that photosynthetic activity between Control and
Fe-amended conditions does not change.
Despite dominance within Fe-amended bloom conditions Chaetoceros does not
upregulate carbon fixation
As primary producers, diatoms serve as an important base of the Southern
Ocean food chain, with previous research highlighting the downregulation of proteins
involved in the Calvin Cycle during Fe-limiting conditions. Within our Southern
Ocean incubations, we detected two components of the diatom carbon concentrating
mechanism (CCM)(Fig. 8). Carbonic anhydrases are a major component of the diatom
CCM, performing the enzymatic interconversion of CO2 to the non-permeable HCO3-.
Following this conversion to HCO3-, membrane embedded transporters are required
for transport across chloroplast membranes and ultimately to the pyrenoid (Matsuda et
al. 2017). Within Thalassiosira, we detect four transcripts with homology to carbonic
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anhydrases, and one transcript within Pseudo-nitzschia, none of which exhibit
regulation in response to Fe-condition. In addition to carbonic anhydrases, chloroplast
localized bestrophins have been shown to be involved in the transport of HCO3- across
the thylakoid membrane of the chloroplast as part of the CCM (Mukherjee et al.
2019). Within Chaetoceros, we observed three transcripts with shared homology to
bestrophin, with two of these transcripts showing upregulation during Fe-limited
conditions. This regulatory response suggests an increased activity of CCMs within
the Chaetoceros chloroplast in response to Fe-amendment, increasing CO2
concentrations within the thylakoid. Within Thalassiosira we observe three bestrophin
transcripts none of which exhibit any regulation in response to Fe-condition,
suggesting that Fe-limited levels of bestrophin may be sufficient for carbon fixation
under Fe-amended conditions.
Prior research has shown a near linear relationship between the large subunit of
RuBisCO (rbcL) and photosynthetic activity (Orellana and Perry 1992). Within our
dataset we detected rbcL transcripts for both Chaetoceros and Thalassiosira. Within
Chaetoceros, we observed a strong upregulation of rbcL in response to Fe-amended
conditions, suggesting increased rates of carbon fixation following Fe-amendment
consistent with the upregulation of bestrophin. Within Thalassiosira, we observed no
significant regulation of rbcL in response to changes in Fe-status. We were also able to
detect transcripts for the majority of Calvin Cycle enzymes within Thalassiosira and
Chaetoceros, except for three subunits involved in the regenerative phase (Fig. 8). In
Thalassiosira, Calvin Cycle genes are upregulated in response to Fe supply throughout
the pathway, suggesting increased carbon fixation. In contrast, regulatory Calvin
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Cycle components are unclear in Chaetoceros, as regulation of genes in the reductive
and regenerative arms are both up and downregulated. Downregulation of genes
involved in the regenerative phase in which ribulose-1,5-bisphosphate, a necessary
intermediate of the Calvin Cycle, is regenerated suggests an overall decrease in carbon
fixation in Chaetoceros, in contrast to what is observed in Thalassiosira. These results
suggest that despite increased concentrations of carbon within the chloroplast of
Chaetoceros, that there is no associated increase in rates of carbon fixation. This
response is supported by the lack of regulation of chloroplast ATP Synthase subunits,
within Chaetoceros, which is responsible for the generation of ATP required during
the Calvin Cycle.
Following the carbon fixation performed during the Calvin Cycle, triosephosphates are transported out of the chloroplast to the cytoplasm in exchange for
inorganic phosphate via the antiporter activity of triose-phosphates transporters
(Walters et al. 2004). Under Fe-amendment, triose-phosphate transporters were
upregulated in Chaetoceros, Thalassiosira, Pseudo-nitzschia. These results suggest
increased rates of antiporter exchange between fixed carbon, in the form of triose
phosphates, and inorganic phosphate under Fe-replete conditions.
Chaetoceros upregulates the reduction of newly acquired nitrogen rather than
utilization of recycled nitrogen from the urea cycle
Following Fe amendment, phytoplankton in the Southern Ocean incubation
experiments significantly drew down nitrogen, highlighting Fe as the limiting
condition within the HNLC Southern Ocean. As the reduction of nitrate into
ammonium, and its subsequent incorporation into glutamate occurs within the diatom
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chloroplast (Smith et al. 2019), the response of chloroplast nitrogen metabolism to Fe
amendment may provide insight into Southern Ocean bloom dynamics.
The assimilation of nitrogen within the chloroplast of diatoms involves the
transport, reduction and ultimately fixation of nitrate into the amino acid glutamate.
We investigated the response of this plastid-localized pathway within our Fe
amendment incubations. Nitrite is transported into the chloroplast through membrane
bound formate/nitrite transporters (Galván et al. 2002). Within our dataset, transcripts
with homology to formate/nitrite transporters were not detected within Chaetoceros,
Fragilariopsis, Thalassiosira, or Pseudo-nitzschia, although they were detected within
other diatom genera including Nitzschia, Asterionellopsis, and Detonula.
Following transport into the chloroplast nitrite is subsequently reduced to
ammonium via the Fe-sulfur containing nitrite/sulphite reductase (Fig. 8). Within
Chaetoceros, two of the five nitrite/sulphite reductase transcripts showed upregulation
under Fe-amended conditions. A similar trend is observed in Thalassiosira in which
the two nitrite/sulphite reductase transcripts also exhibited upregulation. In contrast to
regulatory patterns observed in Chaetoceros and Thalassiosira, Fragilariopsis has two
nitrite/sulphite reductase transcripts that exhibited no regulation in response to Felimitation. No nitrite/sulphite reductase transcripts were detected in Pseudo-nitzschia.
The upregulation of nitrite/sulphite reductase transcripts in Chaetoceros and
Thalassiosira in response to Fe-amendment demonstrates that Fe co-factor supply may
have a feedback on regulation of genes encoding key proteins in this reductive
reaction. As a result, there is potential for increased nitrate reduction in Thalassiosira
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and Chaetoceros with implications for augmented of new nitrogen assimilation within
the chloroplast for these genera upon an influx of Fe.
Following the reduction of nitrate to ammonium within the chloroplast,
ammonium assimilation into proteins is performed by the GSII-GOGAT cycle (Miflin
and Habash 2002; Hockin et al. 2012; Smith et al. 2019). The first step of this cycle is
performed by glutamate dehydrogenase which catalyzes the assimilation of
ammonium and a-ketoglutarate, followed by the condensation of glutamate and an
additional ammonium to form glutamine by the enzyme glutamine synthetase (Miflin
and Habash 2002). Under nitrogen starvation diatoms upregulate components of the
GSII-GOGAT pathway, including glutamate dehydrogenase and glutamine synthetase
as a result of increased ammonia recycling from the diatom urea cycle (Allen et al.
2011; Hockin et al. 2012). In response to Fe addition, we observed the
downregulation of both components of the GSII-GOGAT cycle in Chaetoceros in
contrast to the upregulation of the nitrate/sulphite reductase transcripts. These results
may highlight that within our Fe-amended bloom conditions Chaetoceros invests in
the reduction of newly acquired nitrogen rather than the reincorporation of recycled
nitrogen from the urea cycle. Within Thalassiosira we observed an upregulation of
both components of this system, upregulation of glutamate dehydrogenase in Pseudonitzschia and both up and downregulation of glutamate dehydrogenase transcripts in
Fragilariopsis suggesting the potential that these genera are experiencing invest in the
reincorporation of nitrogen recycled from urea cycle activity within these bloom
conditions.
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Conclusions
This study followed chloroplast function in wild diatom populations using a
combination of our RNA selection approach that preserved gene regulatory patterns in
the chloroplast and a database enriched for the diatom chloroplast proteome. This
approach is a powerful means by which to investigate chloroplast function in an
environmental context. This work provides the means to analyze the regulatory
response of diatoms at the chloroplast level to provide greater context to diatom bloom
dynamics in regard to Fe-status.
The results from our Southern Ocean Fe amendment experiments highlight the
different responses of major diatom genera under Fe limitation and supply. Our data
show that Chaetoceros increased in its percent community composition in Fe addition
relative to control incubations and that it may form a diatom constituent in early
blooms within the Southern Ocean. The bloom of Chaetoceros was accompanied by
gene regulatory patters showing that despite increased drawdown of nitrogen,
Chaetoceros does not appear to increase rates of nitrogen recycling as is observed in
the other genera within our incubations. Additionally, the response of Calvin Cycle
transcripts, which provides the carbon backbones necessary for nitrogen assimilation,
exhibit downregulation in response to Fe. These results taken in tandem suggest that
Chaetoceros' initial bloom response to Fe-amendment may be the result of increased
drawdown and utilization of nitrate within the environment, but a lack of nitrogen
recycling processes such as the urea cycle may limit its long-term growth potential
within bloom conditions. These results are consistent with previous Southern Ocean
Fe-enrichment studies in which Chaetoceros was a major constituent of early bloom
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dynamics but was replaced by more persistent diatom species later in the bloom
(Assmy et al. 2013). In these studies Fragilariopsis exhibited upregulated genes
involved in the assimilation of nitrogen recycled through metabolic pathways such as
the urea cycle, allowing for dominance within long-term bloom conditions in which
macronutrient stress, such as nitrogen limitation, may be more prevalent (Assmy et al.
2013). The regulation of both Thalassiosira and Pseudo-nitzschia within the Southern
Ocean Meta-plastid also suggests the ability to persist following Fe-amended bloom
conditions, highlighted by their upregulation of Calvin Cycle genes, and nitrogen
assimilation, which differs from the “boom and bust” regulatory exhibited within
Chaetoceros.
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Figure 1. Polar projection of Antarctica and the surrounding Southern Ocean.
Enlarged region of map shows station map for NBP1608. The station highlighted in
red (-62.332N, -64.647E) indicates the collection site for the water used to establish
incubation experiments
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Table 1. Seawater macronutrient, Fe, and chlorophyll a concentration collected at 62.332N,
-64.647E and used to establish incubation experiments.
Parameter
Concentration
Nitrate+Nitrite

30 µM

Phosphorus

2.5 µM

Silicate

50 µM

Dissolved Fe

0.4 nM

Chlorophyll a

0.3 µg/L
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Figure 2. Chlorophyll a content of >3-micron phytoplankton fractions.
Chlorophyll a measurements were averaged from triplicate 3-micron filters. Error bars
denote ± one standard deviation.
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Figure 3. Nutrient and dissolved Fe measurements from Control and
experimental incubations. Average concentrations were calculated from
measurements from triplicate incubation bottles from each incubation
condition. Error bars denote ± one standard deviation.
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Figure 4. Percent relative abundance of 18s V4 data amplified using diatom
specific primers. Colored bars represent diatom genera. Genera with percent
abundance below 1% were grouped..
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Genera
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Figure 5. Number of chloroplast encoded and targeted genes detected within
metatranscriptome data, mapped to each diatom genus. Taxonomy of transcripts
were assigned based on top LPI score.
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Figure 6. Heatmap of canonical Fe stress responsive genes.
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Significantly differentially regulated transcripts are denoted (*). Grey boxes symbolize
gene homologs not detected within that genus. If multiple transcripts with homology
to a gene of interest were detected within the “Meta-plastid” for a genus this is
denoted by additional columns.

ubation

Incubation

ilariopsis

Counts

Cytochrome b6f

ATP Synthase

petA

Photosystem II
psbC
psbA
C *
C * *
T
F
P
n

ea

m

ubation

*

*

*

*

*

*

*

C
T
F
P

*
Photosystem I

C
T
F
P

petC
C
T
F
P

*

ftsH

psbV
C
T
F
P

*

petB

T
F
P

psbO
C
T
F
P

C
T
F
P

C
T
F
P

*

*
*

*

*

C
T
F
P

C
T
F
P

*

*

*

*

*
*

*

*

*

*
*

LI818R
* *
*

Bestrophin
C
T
F
P

*

*

Cadmium
carbonic anhydrase
C
T
F
P

*

C
T
F
P

*

atpE
*
*

atpF
C
T
F
P

atpG
C
T
F
P

*

*

*

psaL
C
T
F
P

C
T
F
P

*

*

*

psaF

psaE
C
T
F
P

C
T
F
P

psaB

psaA

*

*

Fold Change

CCMs

C
T
F
P

atpD

atpA

Lhcr4

Lhcr1
C
T
F
P

C
T
F
P

C
T
F
P

*

* *
* *
*

*

Lhcf8
*

C
T
F
P

*
*
*

Lhca6
*
*

C
T
F
P

*

*

Lhcr9
* *

Figure 7. Heatmap of genes involved in light reactions of photosynthesis.
C(Chaetoceros), T(Thalassiosira), F(Fragilariopsis), P(Pseudo-nitzschia)
Significantly differentially regulated transcripts are denoted (*). Grey boxes symbolize
gene homologs not detected within that genus. If multiple transcripts with homology
to a gene of interest were detected within the “Meta-plastid” for a genus this is
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Abstract
Within the Subarctic Pacific diatom communities experience limited growth
despite high levels of macronutrients, including nitrogen. This growth limitation is due
to limiting concentrations of iron (Fe), an essential co-factor in metabolic reactions of
the chloroplast. As important marine primary producers, the regulation of the diatom
chloroplast represents an important metabolic response to changes in Fe-status. To
assess these metabolic responses at the community level, a Meta-plastid approach was
taken, measuring the regulation of transcripts of chloroplast encoded and targeted
proteins, within 9-day long term Fe-amended incubation experiments. Within this
targeted chloroplast approach, genera specific regulation of genes involved in carbon
fixation, photosynthetic light reactions, and nitrogen assimilation was detected within
a bloom response dominated by Pseudo-nitzschia.
Introduction
Diatoms are important primary producers, responsible for approximately 40%
of marine carbon fixed annually (Nelson et al. 1995), yet their rates of growth and
primary production are constrained in large regions of the surface ocean by low iron
(Fe) availability (Geider and La Roche 1994; Sunda and Huntsman 1995; Moore et al.
2013). This Fe-induced limitation of diatom growth and primary production is a result
of the biochemical requirement for Fe, an important co-factor in essential metabolic
pathways, including key chloroplast functions such as photosynthesis and nitrogen
metabolism (Geider and La Roche 1994; Milligan and Harrison 2000). Following the
introduction of Fe into Fe-limited waters, diatom populations bloom (Martin et al.
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1990; Sunda and Huntsman 1995), indicating adaptations allowing for their survival in
low Fe environments, and for rapid growth when Fe becomes more abundant. Low Fe
constraints on diatom growth occurs within large regions of the world’s oceans,
referred to as high nutrient low chlorophyll (HNLC) regions (Martin 1990; Martin et
al. 1990). To further understand the range of responses of diatoms to Fe at the
chloroplast level, a set of incubation experiments were performed within the Subarctic
North Pacific, an HNLC region, where prior research has characterized a potential Fe
and Si co-limitation of diatom species (Boyd et al. 2005). Within this region, Felimited phytoplankton are exposed to episodic inputs of Fe through dust deposition
(Duce and Tindale 1991) and volcanic eruption (Bishop et al. 2002; Lam and Bishop
2008), resulting in increased chlorophyll a concentrations and an associated increase
in the number of diatom cells (Harrison et al. 1999).
While lab-based experiments have provided an initial understand of diatom
chloroplast physiology under variable Fe-conditions, assessment of diatom chloroplast
responses in natural populations at the community level would provide further insight
in how these responses occur within HNLC regions, particularly within Fe fertilized
bloom events. Furthermore, linking changes in primary production and plastid
metabolism to Fe supply will help us understand diatom physiology low Fe oceans.
This understanding can ultimately help us predict when diatom photosynthesis and
cellular function is impaired, cessation in diatom growth and diatom carbon exported
from the surface ocean. To achieve an understanding of Fe-limitation on diatom
chloroplast function, an approach using metatranscriptome profiling for assessing the
inventory and regulation of chloroplast and nuclear genome encoded genes involved in
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chloroplast metabolism was employed utilizing shipboard Fe-amendment incubation
experiments. We refer to this approach herein as the Meta-plastid transcriptome.
Such an organelle targeted approach is possible through utilizing rRNA
depletion prior to construction of high throughput sequence libraries, allowing for the
sequencing of both nuclear and organelle encoded genes (Herbert et al. 2018). Prior
work on the analysis of Meta-plastid responses to changes in Fe-status in the Southern
Ocean (Chapter 2) provided a catalog of diatom chloroplast encoded and targeted
genes from a naturally occurring community under chronic Fe-stress, and their
regulation in response to Fe-amendment. The experiments presented in this manuscript
were conducted as part of the NASA/NSF sponsored EXPort Processes in the Ocean
from Remote Sensing (EXPORTS) field campaign. This field program has the
overarching goal of understanding the export and fate of global marine net primary
production (Siegel et al, in prep). This work is focused on understanding the
metabolic restrains placed upon the diatom community chloroplast under Fe-limitation
within the Subarctic Pacific to inform our understanding of diatom dynamics within
the EXPORTS campaign. An understanding of how this important constituent of
primary producers respond to pulses of Fe, in regard to changes in genus specific
regulation of chloroplast metabolism, will allow for an increased understanding of
how rates of carbon export may be affected by Fe-amendment events within this
region of low carbon export efficiency (Buesseler and Boyd 2009).
Within these incubations we detected diatom bloom formation in response to
Fe-amendment, dominated by the pennate diatom genus Pseudo-nitzschia, along with
other major genera including Cylindrotheca, Thalassiosira, Chaetoceros, and
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Fragilariopsis. Within these genera we observe chloroplast specific responses include
alteration of the ratio of light harvesting complex genes and photosynthetic subunits,
changes in regulation of genes involved in carbon fixation, and genes involved in the
incorporation of reduced nitrogen, which may provide insight into the dominance of
Pseudo-nitzschia under ambient HNLC conditions, and during long term Fe-amended
blooms.
Methods
Deckboard Incubation Experiment Setup
Sampling was performed onboard the R/V Roger Revelle during the summer
of 2018 (9-10-18 to 10-13-18) at Ocean Station Papa (50.1°N, 144.9°W). Incubation
cultures were setup from 153-micron filtered seawater using TMC nitex mesh to
exclude large grazers from incubation experiments. Seawater for incubations was
collected using a trace metal clean (TMC) towfish and a deckboard diaphragm pump,
then distributed into TMC and Milli-Q conditioned 20-L polycarbonate incubation
bottles that were triple rinsed with seawater prior to filling in a shipboard trace metal
clean HEPA filtered bubble. Once filled, incubation treatment bottles were setup in
triplicate, amended with corresponding nutrient treatments (Table 1) in the TMC
bubble, sealed with caps wrapped in parafilm and placed in a flowing seawater deck
board incubator screened to 50% surface PAR to mimic in-situ sea surface conditions.
Incubations were run for 9 days to capture long-term shifts in community composition
and gene expression following Fe-amendment. Unamended time zero (T0) incubations
were sampled on the day of incubation setup and sampled as described below to assess
in-situ community composition and gene expression. For sampling, each incubation
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bottle was brought into the TMC bubble during midday, to prevent diel phasing,
wiped down with TMC water and aliquoted within the bubble into bottles for
chlorophyll a measurements and dissolved and particulate Fe measurements on
incubation days 0 and 9, as well as nucleic acid and nutrient sampling.
Chlorophyll a measurements
Subsamples (50-100 ml) from incubation bottles were collected onto 25mm
GFF filters and extracted using a 12 hour ethanol extraction (Morison and Menden‐
Deuer 2015). All measurements were performed on a Turner 10-AU Fluorometer.
Fv/Fm Measurements
Measurements of photosynthetic efficiency (Fv/Fm) were taken on in-situ
communities upon establishment of incubations (T=0) and on day 9 for Control and
Fe-amended incubations. These measurements were taken following the protocols of
(Behrenfeld et al. 2006), modified with a period of dark acclimation at ambient
incubation temperature to allow for relaxation of non-photochemical quenching and to
minimize the effects of ambient light on the fluorescence properties of the cells.
Nutrient measurements
Silicate, Nitrate, nitrite and phosphate concentrations were determined in
duplicate on a Zelweger Analytics model QuikChem 8500 series 2 autoanalyzer using
standard procedures and a distilled water baseline, with detection limits of 100 nmol
L–1, 50 nmol L–1 and 20 nmol L–1, respectively. Values for the MOOS-3 certified
reference seawater were all within 5% of certified concentrations.
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Dissolved Fe (dFe) measurements
Samples for dissolved iron (dFe) were filtered at sea through sequential acidcleaned 5 μm and 0.4 µm polycarbonate track-etched (PCTE) filters (Whatman®
NucleporeTM) and collected in acid-cleaned 125-mL low-density polyethylene (LDPE)
bottles (Hollister et al. 2020). Dissolved Fe samples were acidified to pH <1.8 (0.024
M HCl; Optima, Fisher) (Johnson et al. 2007) and stored double-bagged at room
temperature for several months prior to analysis at the University of South Florida.
Procedures employed for acid-cleaning, sample collection and sample preservation
followed GEOTRACES guidelines (Cutter et al. 2017) and are described in detail by
(Hollister et al. 2020).
Pre-concentration of dissolved Fe from the seawater samples was performed
using an Elemental Scientific (ESI) seaFAST-picoTM system offline (Lagerström et al.
2013; Rapp et al. 2017). This process was repeated for each analytical replicate
reported in the data table. For a subset of these replicates, samples were UV-oxidized
prior to pre-concentration (Hollister et al. 2020), though this made no distinguishable
difference for dFe concentrations. Following pre-concentration on seaFAST, dFe in
the eluent was analyzed by inductively coupled plasma-mass spectrometry (ICP-MS;
Thermo Element XR) using the method of standard addition (Hollister et al. 2020). A
series of quality control samples (QC: North Pacific surface seawater), and SAFe and
GEOTRACES reference samples were used to assess the accuracy and precision of
dFe analyses.
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Nucleic Acid Sample Filtering
Samples for RNA sequencing were collected in duplicate from each triplicate
incubation bottle through sequential 5-micron pore 47mm polyester membrane filters
(Sterlitech) and 0.2-micron pore Sterivex filter capsule (Cole-Parmer) using a
peristaltic pump and gentle filtration pressure on days 0, for T0 bottles and day 9 for
Control and Fe-amended incubations. All incubation conditions were filtered during
the midpoint of the light cycle to reduce potential impacts of diel-cycling on transcript
regulation. Diatoms have been shown to express strong diel-phase regulation of
transcripts (Smith et al. 2016) with pathways localized to the chloroplast showing an
upregulation during the start of the light period (Chauton et al. 2013). Filters for RNA
were placed into RLT buffer (Qiagen), flash frozen in liquid nitrogen, and stored at 80 ºC prior to extraction. DNA samples were collected from triplicate incubations on
day 0 and day 9 and filtered through sequential 5-micron pore 25mm polyester
membrane filters (Sterlitech) and 0.2-micron pore polyethersulfone 25mm filters
(Sterlitech), flash frozen in liquid nitrogen, and stored at -80 ºC prior to extraction.
Artificial 18S/16S Plasmid for Normalizing DNA Barcoding Data
A plasmid (pEXPORTS) containing an artificial 18S/16S V4 construct was
designed to have a region with similar %GC and length to the natural diatom V4
without any sequence homology to the V4 region, an approach based on (Tkacz et al.
2018) (Supp. File 1). The artificial construct was flanked with regions complementary
to the diatom specific 18S V4 primers (Zimmermann et al. 2014; Chappell et al.
2019), universal 18S V4 (Lin et al. 2017), and universal 16S V4 (Caporaso et al. 2012)
primer sets. The artificial 18S/16S sequences were synthesized by GeneArts
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(ThermoFisher Scientific) and ligated into their pMA plasmid vector. Artificial
plasmids were transformed into competent E. coli cells (JM109 Mix & Go!) (Zymo),
grown in liquid LB media overnight, and extracted using the Qiaprep Spin Miniprep
kit (Qiagen). Copy number of pEXPORTS (Eq. 1 & 2) to be added to samples was
determined through spike-in curves of replicate filters, normalized to the total Chla
concentration of samples filters as a proxy of diatom abundance within each sample.
DNA 18S V4 Barcoding
DNA samples were extracted from 5-micron pore 25mm polyester membrane
filters (Sterlitech) using the Qiagen DNEasy Plant Kit, amended with a bead beating
step to aid in disruption of the diatom frustule. Prior to extraction, sample filters were
spiked with the pEXPORTS plasmid. The copy of artificial plasmid spiked into each
sample prior to extraction was based on total Chla filtered onto each filter. Total Chla
for each filter was used as a proxy of diatom abundance to determine the
corresponding copy number of artificial plasmid for spike-in, maintaining a consistent
percentage of artificial plasmid reads across all sequenced DNA samples (Eq. 1 & 2)
(Tkacz et al. 2018).
DNA samples were amplified using diatom specific 18S V4 primers
(Zimmermann et al. 2014; Chappell et al. 2019), and used for pair-end sequencing on
an Illumina MiSeq. Trimming of Illumina adapter and primer sequences were
removed from sequencing libraries using Trimmomatic (Bolger et al. 2014). Trimmed
reads were imported into DADA2 (Callahan et al. 2016) and quality trimmed prior to
merging. Resulting ASVs were assigned taxonomy against the SILVA v132 database
(Quast et al. 2013), amended with the artificial 18S V4 sequence. Calculation of

115

absolute counts of ASVs were based on the number of reads mapped back to the
artificial sequence relative to the copy number added to the samples (Tkacz et al.
2018).
Metatranscriptome Sequencing
RNA samples were extracted from 5-micron filters using the Qiagen RNEasy
extraction kit, modified with a bead beating step to aid in diatom frustule disruption.
Prior to sequencing, samples preparation and ribosomal RNA removal from samples
through rRNA depletion was performed (GeneWiz). rRNA depleted samples were
then sequenced on an Illimuna HiSeq (GeneWiz), to produce ~121 million, 150bp,
pair end reads per sample.
Meta-plastid Pipeline Analysis
The database of transcripts encoding diatom chloroplast function (both nuclear
and chloroplast origin) for read mapping of the Subarctic Pacific metatranscriptome
data was generated by using Diamond (Buchfink et al. 2015) to query diatom
transcriptomes from the Marine Microbial Eukaryotic Transcriptome Sequencing
Project (Keeling et al. 2014) (e-value cutoff of 1x10-3) against the T. pseudonana
chloroplast proteome (Chapter 1) to generate our Meta-plastid reference dataset. The
chloroplast reference database also includes coding sequences of diatom chloroplast
genomes (GenBank: Fragilariopsis cylindrus (MK217824), Pseudo-nitzschia
multiseries (KR709240), Cylindrotheca closterium (KC509522), Thalassiosira
oceanica (GU323224), Chaetoceros simplex (KJ958479)) determined to be
ecologically relevant from 18S V4 sequencing. Subarctic Pacific incubation reads
were then mapped to transcripts from the Meta-plastid dataset using Salmon (Patro et
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al. 2017). Taxonomy of transcripts was inferred from the transcriptome that reads
were mapped to and will be discussed at the genus level within the Subarctic Pacific
Meta-plastid.
Annotation of genes within the Subarctic Pacific Meta-plastid was performed
using Eggnog (eggNOG v5.0, eggnog-mapper v2) (Huerta-Cepas et al. 2017, 2018).
Coding sequences were submitted under the following parameters: Maximum hit evalue: 0.001, Minimum hit bit-score: 60, Minimum % of query coverage: 20.
Assessment of differential expression across conditions was performed using the R
package Deseq2 (Love et al. 2014). Principal component analysis and gene correlation
matrixes were performed using the R package pcaExplorer (Marini and Binder 2019).
Differential regulation was defined as an absolute log2fold change > 1 with an
adjusted p-value < 0.1, with regulation being in relation to the addition of Feamendments.
Results and Discussion
Fe-amended incubations exhibit increased chlorophyll a concentration,
macronutrient drawdown, and increased particulate Fe
In response to our Fe-amended incubation conditions we observe a large
increase of in chlorophyll a concentration in the >5 µm size fraction, relative to the T0
and control conditions (Fig. 1). In conjunction with this increase we also observed
increased drawdown of macronutrients (Fig. 2, A and B) particularly silicate under
Fe-amended conditions, highlighting the dominance of diatoms under these bloomlike conditions, and the potential for bloom induced silica limitation in the Subarctic
Pacific. Following the amendment of Fe we also observed an increase in absolute
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counts of diatom 18S V4 ASVs, by nearly two orders of magnitude (Fig. 3). Within
Fe-amended incubations we observed a drawdown of amended dFe57 (Fig 2., C) with
an associated increase of Fe57 within the particulate fraction (Fig. 2, D), with the
greatest increase within the > 5µM fraction. These results highlight the drawdown and
incorporation of the amended Fe within incubations, within the diatom fraction.
Pseudo-nitzschia dominate the diatom community under in-situ and Fe-amended
conditions
In-situ Subarctic Pacific diatom communities show dominance of Pseudonitzschia ASVs that persist under ambient low-Fe conditions. During this bloom-like
response, induced by Fe addition, the diatom community remains dominated by an
increasing abundance of Pseudo-nitzschia ASVs (Fig. 4). The increased abundance of
Pseudo-nitzschia is matched by a decrease in the percent abundance of Cylindrotheca,
Fragilariopsis, and Thalassiosira ASVs. Our results are consistent with previous
diatom community composition analyses of the Subarctic Pacific in which Pseudonitzschia persist under low Fe conditions (Tsuda et al. 2005; Silver et al. 2010) due to
their ability to store excess Fe intracellularly (Marchetti et al. 2009). Following Feenrichment, bloom conditions within the Subarctic Pacific have been shown to be
dominated by pennate diatom species, particularly Pseudo-nitzschia, and some centric
species such as Thalassiosira (Boyd et al. 1996). To provide insight to these shifts in
community composition following Fe-amendment, subsequent global gene expression
analysis focused on five genera responding most to Fe amendment: Pseudo-nitzschia,
Cylindrotheca, Fragilariopsis, Chaetoceros, and Thalassiosira.
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Subarctic Pacific diatom Meta-plastid exhibits differential regulation in response
to Fe-amendment
Due to their abundance, their changes in response to Fe-amendment, and the
availability of sequenced chloroplast genomes for Pseudo-nitzschia, Cylindrotheca,
Fragilariopsis, Thalassiosira, and Chaetoceros we focused of our targeted Metaplastid approach on these genera. Utilizing this approach allows for the fine-scale
regulation analysis of metabolic functions localized to the chloroplast, giving context
to the metabolic regulation of primary producers. Within the Subarctic Pacific Metaplastid, a total of 5739 transcripts with mapped reads were identified across 35 diatom
genera, with 2209 (~38.5%) of detected transcripts corresponding to Pseudo-nitzschia
(Fig. 5). This is consistent with absolute counts of diatom 18S V4 (Fig. 3) in which
Pseudo-nitzschia was the dominant diatom genera in both in-situ and Fe-amended
conditions. Of the transcripts within the Subarctic Pacific Meta-plastid we detected
down-regulation of 1264 transcripts and, up-regulation of 1476 transcripts in response
to Fe-amendment. Comparison of the triplicate Meta-plastid incubation conditions
(Fig. 6) through PCA also shows distinct differences in gene content, between the Felimited T0 and Control incubations compared to Fe-amended incubations. Despite
small differences in T0 replicates, and Controls, Fe-amendment results in a large
change in Meta-plastid content and appears to drive the replicates towards greater
similarity.
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Photosynthetic subunits are upregulated by Fe amendment differently in pennate
and centric diatoms
Light reactions of photosynthesis are responsible for the generation of reducing
power and energy required for carbon fixation during the Calvin Cycle. Within the
Subarctic Pacific Meta-plastid, we observe regulation of components of photosystem
(PS) II and I, encoded on the chloroplast genome, and accessory light harvesting
complexes (LHCs) encoded on the nuclear genome (Fig. 7).
In Pseudo-nitzschia and Fragilariopsis, a similar trend in up-regulation of
both PS II and I across multiple subunits response to Fe-amendment is observed, with
no corresponding regulation of LHCs of either PS. These results suggest an investment
of Fe towards an increase in the number photosynthetic subunits across both PSII and
PSI. This investment in an increase of photosynthetic subunit within each photosystem
has been shown to serve as a means of photoacclimation (Falkowski and LaRoche
1991), and when taken in conjunction with an upregulation in ATP synthase in
Pseudo-nitzschia, suggests increased rates of photosynthetic activity upon Feamendment compared to control incubations. This is supported by measurements of
photosynthetic activity (Fv/Fm) taken on day 9 of incubations prior to filtering. Within
these measurements we observe a near doubling of Fv/Fm between Control and Feamended incubations (Fig. 8).
In contrast to the regulatory patterns seen in the pennate diatom genera
Pseudo-nitzschia and Fragilariopsis, Thalassiosira shows downregulation of subunits
of both PSII and PSI with an upregulation of PSI LHCs. This decrease of the
photosynthetic reaction centers relative to light harvesting complexes has been
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previously observed as a mean of photoacclimation which can increase light
absorption without an increased Fe requirement (Falkowski and LaRoche 1991;
Strzepek et al. 2012), and is distinct from what has been previously observed for
Thalassiosira within the Southern Ocean (Chapter 2), in which we observed a
photoacclimation response more consistent with the increase of PSII and PSI subunits
upon Fe-amendment, suggesting that diatom genera may employ distinct
photoacclimation responses within different HNLC regions. A similar response was
observed in Cylindrotheca with no statistically significant regulation of PSII, slight
downregulation of two PSI subunits (psbC and psbE), and up-regulation of one PSI
subunit (psbN). We also observed a down-regulation of one PSI LHC (Lhcr4) in
Cylindrotheca suggesting a similar reduction in the ratio of photosynthetic reaction
centers relative to light harvesting complexes. A strong pattern of downregulation of
photosystems was also observed within Chaetoceros with components of both PSII
and PSI suggesting a similar photoacclimation response to Thalassiosira and
Cylindrotheca.
ATP Synthase transcripts are regulated in response to changes in photosynthetic
activity
Proton motive force generated during light reactions of photosynthesis is used
to generate ATP required for carbon fixation. This generation of ATP in the
chloroplast is performed by ATP synthase subunits encoded on the chloroplast
genome. Co-regulation between cytochrome b6f, the photosynthetic component
responsible for the translocation of protons across the thylakoid membrane, and ATP
synthase is essential in maintenance of photosynthetic function (Schöttler et al. 2015).
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Across Pseudo-nitzschia and Fragilariopsis we observed a similar trend of upregulation of ATP synthase subunits in response to Fe supply, with particularly strong
up-regulation of atpC in Pseudo-nitzschia, encoding the γ-subunit of ATP Synthase
involved in the regulation of ATP synthase activity and proton flow. This is coupled
with an upregulation of the cytochrome b6f subunit petA, encoding for the precursor to
cytochrome f, suggest increased proton gradient across the thylakoid membrane with
an associated increase in ATP synthesis.
Within Cylindrotheca in response to Fe addition, we observe both
downregulation of atpB, atpC, and atpF. The down regulation of regulatory, catalytic,
and structural subunits of ATP synthase contrasts with an upregulation of the
cytochrome b6f subunits petB and petF. Under Fe-limitation, some diatom species
have been shown to replace the Fe-containing protein Ferredoxin, encoded by petF,
with the non-Fe protein Flavodoxin to decrease cellular Fe quotas (Erdner and
Anderson 1999). The upregulation of petF is consistent with a replacement of
Flavodoxin with the Fe containing Ferredoxin upon Fe-amendment. Despite this
upregulation of petF subunits within cytochrome b6f, its activity may be reduced
within Cylindrotheca, as the downregulation of ATP synthase subunits may suggest
that this replacement of petF within cytochrome b6f may not translate into increased
generation of proton motive force upon Fe-amendment. Within Chaetoceros we
observed a concentered down regulation of both components of cytochrome b6f and
ATP Synthase subunits, suggesting that within the Fe-amended condition that
photosynthetic activity is reduced, suggesting a potential investment towards survival
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under low-Fe conditions and an inability to fine tune photosynthetic activity in
response to Fe-amendment.
Thalassiosira and Pseudo-nitzschia upregulate components of the Calvin Cycle
Transcripts of large subunit of RuBisCO (rbcL) were detected in Pseudonitzschia, Cylindrotheca, Fragilariopsis, and Thalassiosira within the Subarctic
Pacific incubation Meta-plastid. RuBisCO is responsible for the catalyzation of the
initial step of carbon fixation and in diatoms, rbcL protein levels has been shown to
have a near linear relationship with photosynthetic activity (Orellana and Perry 1992),
with a strong relationship between rbcL transcript and protein levels (Suzuki and
Makino 2012). Within Pseudo-nitzschia we observe an upregulation of rbcL in
response to Fe-amended conditions. Within Thalassiosira and Cylindrotheca we
observe downregulation of rbcL in response to Fe-amendment. We were able to detect
transcripts for the majority of the Calvin Cycle within Thalassiosira, except for four
subunits involved in the regenerative phase (Fig. 7). Within these transcripts we
observe an upregulation of components of both the reductive and regenerative arms of
the Calvin Cycle suggesting increased rates of carbon fixation for Thalassiosira in
contrast to the observed downregulation of rbcL. This is in contrast to Pseudonitzschia in which only two transcripts were detected, and Cylindrotheca and
Fragilariopsis which had no other Calvin Cycle transcripts detected. Within Pseudonitzschia only one Calvin Cycle transcript, triosephosphate isomerase, is significantly
upregulated besides rbcL. This enzyme is responsible for the interconversion of
triosephosphate isomers generated during the Calvin Cycle which in conjunction with
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an upregulation of triose-phosphate transporters may suggest a funneling of fixed
carbon towards an exchange with inorganic phosphate from the cytosol.
Following the carbon fixation performed during the Calvin Cycle, triosephosphates are transported out of the chloroplast to the cytoplasm in exchange for
inorganic phosphate via the antiporter activity of triose-phosphates transporters
(Walters et al. 2004). Under Fe-amendment an upregulation of triose-phosphate
transporters is observed in Pseudo-nitzschia, and a downregulation in Thalassiosira.
These results suggest increased rates of antiporter exchange between fixed carbon, in
the form of triose phosphates, and inorganic phosphate under Fe-replete conditions for
Pseudo-nitzschia.
Downregulation of triose-phosphate transporters transcripts in conjunction
with upregulation of Calvin Cycle transcripts within Thalassiosira may suggest a
potential decrease in free inorganic phosphate within the cytoplasm of the cells, which
has been shown to be the driving force of this counter exchange (Monson et al. 1983).
A limitation of phosphate within the chloroplast has potential for negative implications
for carbon fixation, as inorganic phosphate transported into the chloroplast is used in
the synthesis of ATP required within the Calvin Cycle. This response, whereby
Pseudo-nitzschia exhibits up-regulation triose-phosphate transporters, suggests
increased triose-phosphate/inorganic phosphate exchange, which coupled with
upregulation of ATP Synthase subunits suggest an investment of inorganic phosphate
towards ATP synthesis and increased rates of carbon fixation. Taken into
consideration these results suggest that upregulation of Calvin Cycle components
alone, as observed in Thalassiosira, may not be adequate for an assessment of
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increased carbon fixation, and may also be supported by the observed downregulation
of rbcL within this genus.
Pseudo-nitzschia exhibit upregulation of nitrogen assimilation pathways
Following the reduction of nitrate via nitrate reductase, nitrite is imported into
the chloroplast and further converted into ammonia by nitrite reductase. Ammonium
within the chloroplast is then assimilated into proteins by the GSII-GOGAT cycle. The
first step of this cycle is performed by glutamate dehydrogenase which catalyzes the
assimilation of ammonium and a-ketoglutarate, following by the condensation of
glutamate and an additional ammonium to form glutamine (Miflin and Habash 2002).
Under nitrogen starvation diatoms have been shown to exhibit upregulation of
components of the GSII-GOGAT pathway, including glutamate dehydrogenase and
glutamine synthetase as a result of increased ammonia recycling from the diatom urea
cycle (Allen et al. 2011; Hockin et al. 2012).
Within our Subarctic Pacific Meta-plastid incubations, we observe high
upregulation of multiple transcripts with homology to glutamine hydrogenase in
Pseudo-nitzschia. This strong regulatory response may help feed the increased need
for amino acids under bloom conditions within our incubations and taken in
consideration with the increased drawdown of nitrogen in Fe-amended incubation
bottles suggests that the uptake and assimilation of nitrogen by Pseudo-nitzschia,
particularly from recycled ammonium from the urea cycle may allow for their
dominance within the bloom. This is in contrast to transcriptome profiles in laboratory
experiments with the Subarctic Pacific species Pseudo-nitzschia granii (Cohen et al.
2018), in which no significant regulation was detected within the GSII-GOGAT
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system following Fe-amendment. This difference in regulation may be explained by
the fact cells were harvested at their maximum growth rate in the Cohen et al. (2018)
study and that their may be competition dynamics for nitrogen within the natural
communities in our Southern Ocean Meta-plastid, requiring an investment in nitrogen
recycling and reincorporation within Pseudo-nitzschia spp. upon Fe-amendment. In
contrast to the upregulation within Pseudo-nitzschia we observe no significant
regulation of GSII-GOGAT system transcripts within Cylindrotheca and
Thalassiosira, and a downregulation of these transcripts in Chaetoceros, suggesting no
increase in nitrogen assimilation between Control and Fe-amended incubations for
these genera.
Conclusions
These incubation experiments within the HNLC Subarctic Pacific show
dynamic responses within the diatom Meta-plastid in response to changes in in Fe
status. Following Fe-amendment, we observed initiation of bloom like conditions
dominated by the pennate diatom genus Pseudo-nitzschia, coupled with a decrease in
relative abundance of the other dominant genera. Comparison of chloroplast metabolic
function show distinct responses between the Pseudo-nitzschia, Thalassiosira,
Cylindrotheca, and Fragilariopsis. Within Pseudo-nitzschia we observe changes in the
regulation of photosynthetic subunits in both PSII and PSI, upon Fe-amendment,
suggesting a concentration of newly acquired Fe into photosynthetic activity. This
response is highlighted by upregulation of components of cytochrome b6f, responsible
for the transfer of electrons between PSII and PSI and the pumping of protons across
the thylakoid membrane, and upregulation of components of ATP Synthase. In
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conjunction, these results suggest an increased rate of photosynthetic activity within
Pseudo-nitzschia, with increases in reducing potential in the form of NADPH and
energy in ATP. Following Fe-amendment we also observe an upregulation of
components of the GSII-GOGAT cycle, which are upregulated during increased
nitrogen recycling through the urea cycle. Upon Fe-amendment, nitrogen can become
the major limiting nutrient within bloom conditions and the ability to effectively
reincorporate ammonium generated from the urea cycle into amino acids may play a
major role in the dominance of Pseudo-nitzschia within our Fe-amended incubations.
In contrast to Pseudo-nitzschia’s regulatory response we observe a muted
Meta-plastid response of the other genera of interest within our incubations, consistent
with their decrease in relative abundance between in-situ samples and Fe-amended
incubations. Within Thalassiosira and Cylindrotheca we observe an increase in the
ratio of LHC transcripts to photosynthetic subunits in both PSII and PSI, which
represent a photoacclimation response that does not require the additional investment
of Fe. Within Thalassiosira, we also observe an upregulation of components of the
Calvin Cycle, although downregulation of triosephosphate transporters may suggest
that this does not correlate with increased rates of carbon fixation. Despite these
important chloroplast regulatory responses, we observe a decrease in relative
abundance of this genus’ abundance suggesting these responses are not sufficient for
dominance within a bloom. In addition, we observe a downregulation of glutamine
synthetase in Thalassiosira which suggests a decrease in the assimilation of
ammonium into amino acids which may represent a limited ability to utilize nitrogen
within bloom conditions. Finally, the limited regulatory responses of Cylindrotheca,
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Fragilariopsis, and Chaetoceros within the Subarctic Pacific Meta-plastid may
suggest an investment towards survival within the Fe-limited HNCL, resulting in their
limited persistence within Fe-amended bloom conditions.
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Table 1. Amendments added to each of the triplicate incubation conditions.
All amendments to incubation bottles were added in a shipboard TMC bubble to
prevent Fe contamination. The ambient nutrient concentrations are indicated at the
time of experiment set up (T0) bottles.
Incubation
Amendments
Condition
Average Ambient Nutrient Conditions (µM/L)
T0
(Phosphate: 0.758, Nitrate and Nitrite: 7.04, Silicate: 12.99)
Control

Unamended (Sampled on Day 9)

+Fe

+5nM Fe, +20 µM N, +1.25 nM P (Sampled on Day 9)

(1.78 x108 pEXPORTS Copies/ µg Chla) * (Sample Chla concentration * Volume
Filtered) = Number of Copies of pEXPORTS to be added prior to extraction
Equation 1. Determination of the number of pEXPORTS plasmids added to each
sample filter prior to DNA extraction. Ration of copy number to µg Chla was
determined through a spike-in curve of 5µm in-situ samples collected from
Narragansett Bay, RI. All spike-in concentrations were diluted to the appropriate
concentration into a 20µL volume.

1.28 x108 copies /ng = (1 ng * 6.022x1023) / 7207 bp * 1x109 * 650)
Equation 2. Determination of the number of pEXPORTS copies per ng of DNA based
on base pair length of the plasmid.
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denote +/- one standard deviation.
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Conclusions and Future Directions
As diatoms are important primary producers within the marine environment, an
understanding of the inventory of proteins localized to their chloroplast provides a
broader understanding of the metabolism that occurs within the organelle. As diatom
chloroplasts originated from secondary endosymbiosis as opposed to a primary
endosymbiotic event, as in the evolutionary history of land plants, identification of the
complement of plastid proteins in diatoms will also help us elucidate proteins unique
to plastids derived from secondary endosymbiosis. Within this dissertation we have
presented the characterization of the T. pseudonana chloroplast proteome, in which
929 proteins were identified. This chloroplast proteome, included not only proteins
lacking a previously identified canonical localization motif (Kroth 2002), suggesting
potential for additional, as yet uncharacterized, chloroplast protein import pathways,
but also proteins of uncharacterized function highlighting the potential for additional
metabolic function within the organelle.
Within the T. pseudonana chloroplast proteome, proteins exhibited iron (Fe) responsive regulation, including regulation of core chloroplast function such as light
harvesting complex proteins, and components of the Calvin Cycle. These findings
support using measures of chloroplast function as a means of assessing impacts of Felimitation on primary producers.
To further understand the impacts of Fe-limitation on the diatom chloroplast, we
utilized the T. pseudonana chloroplast reference dataset as a blueprint for identifying
chloroplast localized genes in natural communities and have successfully gone from
the lab to in-situ diatom communities. This approach, what we refer to as a Meta-
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plastid analyses, provided a framework to begin to assess regulation of diatom
chloroplast function. Despite both of the HNLC regions studied in this dissertation
using this Meta-plastid approach being Fe-limited regions, diatom communities
exhibited region-specific bloom dynamics in response to Fe-amendment, including
differences in community structure, coupled with differential regulation of chloroplast
localized and chloroplast encoded genes. The Subarctic Pacific diatom community
displays a more dynamic regulation of chloroplast function highlighted particularly by
the genera-specific regulation of photosynthetic subunits and associated light
harvesting complex proteins. In addition, despite the presence of the same diatom
genera within these HNLC regions, we have observed differences in regard to their
Fe-responsive regulation. This is highlighted in Chaetoceros, which in the Southern
Ocean exhibited strong dominance following Fe-amendment coupled with
upregulation of photosynthetic subunits, light harvesting complexes, and genes
involved in carbon fixation. In contrast to the Southern Ocean response, in the
Subarctic Pacific, Chaetoceros was a minor constituent of the community, and
exhibited a different regulation pattern of photosynthetic subunit, upregulating LHC
genes with a downregulation of photosynthetic subunits.
Within both HNLC communities, we have also shown that differences in the
utilization and assimilation of nitrogen, particularly differences in preference for
newly uptaken or intracellularly recycled nitrogen, may ultimately play a role in
shaping long term bloom community structure following Fe-amendment, as often with
sufficient Fe, nitrogen becomes the next major limiting nutrient within the
environment.
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While our Meta-plastid approach has allowed for an initial assessment of
chloroplast function within these regions, this approach is defined by and therefore
limited by the availability of two reference datasets. One is the current availability of
diatom reference transcriptomes and the other is the lack of chloroplast proteomes
from species living in Fe-limited oceans. The database limitation of available diatom
transcriptomes restricts our ability to map reads from unassembled metatranscriptomes
or to fully assign taxonomy to transcripts, thus an assessment of chloroplast metabolic
regulation across all diatom genera through this pipeline is not possible. To further the
applicability of this pipeline within diverse ecosystems, the cultivation of diatom
species isolated from the ecosystem of interest, and the subsequent generation of
transcriptomes from these isolates can provide further taxonomic context.
While T. pseudonana has emerged as a diatom model species and has been
used widely in laboratory studies, it has been shown to have Fe-responsive traits
relative to oceanic diatom species with higher tolerance of Fe-limitation, including
lacking canonical diatom Fe-stress response genes such as ISIPs (Morrissey et al.
2015) and Fe-sensitive homologs of others, such as Flavodoxin (Whitney et al. 2011).
It has also been shown that some diatom lineages have iron storage proteins localized
to their the chloroplast, such as ferritin, that has been found within pennate diatom
species (Marchetti et al. 2009), including Pseudo-nitzschia one of the major
responders in our N. Pacific study. This lack of genetic repertoire for Fe
responsiveness within T. pseudonana points to the utility of future work characterizing
chloroplast proteomes generated from oceanic diatom species with higher tolerance to
Fe-limitation and that a single reference chloroplast proteome while a great first step,
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may not be sufficient to fully assess chloroplast gene regulation at the community
level. Additionally, characterization of chloroplast proteomes from diverse diatom
species should also provide a more comprehensive inventory of proteins functioning in
the diatom chloroplast, including novel proteins involved in chloroplast import and
those that may play a role in maintaining plastid function under severe Fe-limitation.
This thesis demonstrates the power of using organelle-directed proteomics for
characterizing chloroplast function under different physiological states and hopefully
opens the door for future chloroplast proteome sequencing from diverse lineages and
the application of that dataset to diatom populations in the ocean.
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